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ABSTRACT 


A thorough knowledge of localized stresses due to 
geometric effects is necessary for accurate fatigue life 
estimation in aircraft structures. The Department of 
Aeronautics, Naval Postgraduate School, Monterey, California, 
has developed a strain monitoring system that provides data 
On nominal stresses experienced by aircraft structures, which 
can be applied to obtain local] stresses at a stress concen- 
tration, provided a local stress vs. nominal strain relation- 
ship is available. A theory proposed by Neuber lends itself 
to development of a method by which local stress can be 
obtained with knowledge of nominal strain and material 
properties alone. 

Neuber's theory was evaluated by comparison of experi- 
mental stress concentration factors with theoretical values 
for plates with central holes and was found to be a valid 
basis for obtaining local stress from nominal strain. 

Stress Per areaeion behavior was obtained for two cyclic 
loading histories of plate specimens in an effort to extend 
the monotonic local stress vs. nominal strain relationships 
into practical use for fatigue life estimation of aircraft 


Seructures. 









7 
i qd. 8 , 
7 a 
| ; ~~ i 
/ < 2. - 7 7 
S 
S : : 
7 a = - ne 7 e 
> a 
ee 
. ee 
asa ee ey ro 
- ; 
- cL 
." 
ta ; 
7 2S . 
7 7 
o 2M > ; 
. - 
. i 'G 
- 
= > ’ 7 
- @ ' 4 
‘ip - a 
7 7 7 5 - 
_*® ~ 
oS 
~ 
. a 





ie. 
ie... 


TABLE OF CONTENTS 


INTRODUCTION AND LITERATURE SURVEY ---------------- 9 
STRESS-STRAIN DATA ON UNIAXIAL SPECIMENS OF 
7075 T-6 ALUMINUM --------------------------------- is 
A. INTRODUCTION --------------------------------- ie) 
Pe CINNGMESTIRIESS “SIMRAMINIMGURVE TEST <-s2-2-2- esac 2] 
li Description of Test --------------------- 2] 
Ze Test Results ---------------------------- 27 
Ce SINGLE AMPLITUDE CYCLIC LOADING TEST --------- 3] 
ia Description of Test --------------------- 31 
(he Test Results ---------------------------- 3] 
D. DUAL AMPLITUDE CYCLIC LOADING TEST ----------- 33 
iz Description of Test --------------------- 33 
oe Test Results ---------------------------- 43 
EE, DISCUSSION OF TEST RESULTS ------------------- 46 
LOCAL STRESS-STRAIN BEHAVIOR ---------------------- 50 
A. INTRODUCTION --------------------------------- 50 
B. CALCULATION OF LOCAL STRESS ON INITIAL 
LOND i a eS ee es Ee 51 
C.. EVALUATION OF STRAIN GAGE PLACEMENT ---------- 2 
D. CYCLIC LOADING TESTS ------------------------- 58 
Te Single Amplitude Cyclic Loading Test ---- 59 
Ze Single Amplitude Cyclic Loading Test 
Results --------------------------------- 60 
She Dual Amplitude Cyclic Loading Test ------ 65 
4. Dual Amplitude Cyclic Loading Test 
Results --------------------------------- 66 
Sy Discussion of Test Results -------------- 69 





E. STRESS RELAXATION BEHAVIOR ------------------ 77 
(ta Introduction and Theory ---------------- 7] 

Li Single Amplitude Cyclic Loading Test 
Results -------------------------------- 76 

Se Dual Amplitude Cyclic Loading Test 

Results -------------------------------- 82 
4, Discussion of Test Results ------------- 88 
IV. CONCLUSIONS ON TEST RESULTS ---------------------- 92 
APPENDIX A - TABULAR DATA ---------------------------- 95 
REFERENCES -------------------------------------------- 137 


PRESUME ICU TONNEIS | <-<c------2------oeeeeee ees 139 





= ss - a 7 7 
—— 
he , i. - u - 
carn ae “Wey a : 
ees - 4 " - 
> po ata - 


pe oe ssi re ‘ 


; i Bs 7 


i 
7 > 
-_ - 
a 
7 
a 
i 
: - 
: 
a i 
- | 
- 
7 7 
- 
7 
; - 
7 
a ; a 





=> Ww ff 


ro. 


lilies 


eae 


les: 


14, 


SIS Ober SaURES 


Photograph of plate with a central hole ---------- 
Diagram of plate with a central hole ------------- 
Photograph of uniaxial specimen ------------------ 
Diagram of uniaxial specimen --------------------- 
pmomoarapinof MnS. System .---2<e=ia—oo eases eee: 
Photograph of MTS System ------------------------- 
Diagram of beat phenomena waveform --------------- 


Diagram of hysteresis loops for cyclic 
stress-strain curve ------------------------------ 


Cyclic and monotonic stress-strain curves -------- 


Monotonic stress-strain curve (cyclic 
stress-strain curve test) ------------------------ 


ge-o curve (cyclic stress-strain curve test) ----- 
Monotonic stress-strain curves (single and 

dual amplitude cyclic loading tests on 

uniaxial specimens ------------------------------- 


ge-o curve (single amplitude cyclic loading test 
on a uniaxial specimen) -------------------------- 


o-N curve (single amplitude cyclic loading test 
On a uniaxial specimen) -------------------------- 


Dual amplitude input function -------------------- 


ge-o curve (dual amplitude cyclic loading test 
On a uniaxial specimen) -------------------------- 


o-N curve (dual amplitude cyclic loading test 
On a uniaxial specimen) -------------------------- 


Center section of plate with central hole -------- 


Monotonic c-e curve (single amplitude cyclic 
loading test on a plate) ------------------------- 


Monotonic a-e curve (dual amplitude cyclic 
loading test on a plate) ------------------------- 





il 


Cie. 


Lor 


24. 


Aone 


26. 


Stress and strain relationships for relaxation 
theory aaa RaeRn se RQ emrae Qe Aes meme n erm waemr meen we wrnm ewer e2e = 


o-N curve (stngle amplitude cyclic loading test 
mio = 10.67 xX 109 4 bf/qpe)-o-2-------5--.-4 


a-N curve (stngl 


e amplitude cyclic loading test 
on plate E = 10.0 x | 


06 ibft net e--ssoss-5_ soe 


o-N curve (dual amplitude cyclic loading test 
on plate E = 10.67 x 106 1bf/in¢é) ----------------- 


o-N curve (dual amplitude cyclic loading test 
Pama teme = 1Omomeco°o Whf/in*) -----------seee-- 


Initial stress vs. relaxation rate parameter - 
all tests ----------------------+-+----+-+-+--+-+---+--- 


73 





I. INTRODUCTION AND LITERATURE SURVEY 


The ability to predict the fatigue life of aircraft 
structures accurately and with reliability is of prime 
concern to structural engineers. 

Prior to any attempt to derive a valid fatigue life 
theory one basic requirement must be satisfied. <A thorough 
knowledge of localized stresses due to geometric effects is 
necessary and, because these stresses can not be measured 
directly, an accurate method of determining them analytically 
must be found which is applicable to a variety of loading 
Situations and configurations. From a more realistic and 
practical standpoint fatigue life estimation would be greatly 
facilitated if stresses could be calculated based on actual 
inflight strain histories, data that are quite easily 
obtained in realistic situations but difficult to simulate 
in a laboratory. Specifically, if a relationship between the 
nominal strain in a structural component and the local stress 
at a stress raiser could be developed based on structural 
configuration, then the easily measured nominal strain would 
provide a local stress. Knowledge of this local stress is 
critical to fatigue life estimation, since fatigue failures 
originate at the stress raiser. 

In a survey of the literature to determine if a satis- 
meecory method for determining local stress exists; and if 


such a méthod would be adequate with only nominal strain and 





the material properties known, one relationship was frequently 

encountered. This relationship, postulated by Neuber (Ref. 1), 
states that the geometric mean of the stress concentration 

fare cOr , KO? and the strain concentration factor, Ko is 

equivalent to the elastic stress concentration factor, Kye 
even in nonlinear stress-strain regions, or 


Ke 7 KG K 
where 
xy = local stress 2G 
G nominal stress S 
and 
xy = local strain oe 
é nominal strain e 


Numerous examples of the adequacy of this relationship in 
calculating stress-strain curves were found. Crews used a 
modified form of the relationship in loading sequence tests 
(Ref. 2), and in a study of stress-strain behavior at notch 
roots (Ref. 3), and found the stresses thus calculated corre- 
lated very closely with experimentally determined stresses. 
Wetzel studied the accuracy of the relationship with three 
different types of data taken in experiments involving smooth 
specimen simulation of fatigue behavior of notches (Ref. 4). 
Morrow et al., also confirm the validity of the equation by 
comparison of fatigue failures at different stress concentra- 
tion factors (Ref. 5). Since the Neuber relationship involved 


the factors of interest in this investigation and in light of 


10 





past results, it appeared that Neuber's theory might prove 
to be a satisfactory basis on which to establish a method for 
calculating local stress using nominal strain. 

During the course of this study the requirement for a 
stress-strain relationship was expected. However, due to 
the dependence of fatigue on cyclic loading a monotonic 
stress-strain relationship alone appeared to be insufficient 
and a cyclic-stress-strain curve would be required in addi- 
tion to the monotonic one. Landgraf et al., conducted a 
literature survey to determine whether an exact definition of 
a cyclic stress-strain curve existed and found none (Ref. 6). 
They did, however, propose an incremental step test method 
for determining a cyclic stress-strain curve whereby a 
uniaxial specimen is taken into tensile yield, then compres- 
Sive yield, then cycled in tension and compression to 
decreasing values of strain. The locus of the maximum values 
of strain obtained aoa the resulting hysteresis loops forms 
the cyclic stress-strain curve. This method was adopted for 
use in this study. 

Because the local stress-nominal strain relationships 
expected to be developed from this study would eventually be 
applied to actual aircraft structures under fatigue analysis, 
a specimen representing a realistic structural component was 
sought. A plate with a central hole was decided upon due to 
its commonality in almost all aircraft structures. The plate 


specimen was expected to provide local and nominal stress and 





Strain data which would be representative of that found in 
actual structural components. 

During the literature survey a dependence of fatigue on 
loading history was shown by Crews (Ref. 2), Naumann (Refs. 
meoaniaees). Schijve (Refs. 9 and 19), and Potter (Ref. 11). 

In order to establish a basic foundation of knowledge from 
which to extend into more sophisticated loading histories, 
two simple loading situations were proposed. Single and 
dual, or repetitive high-low, amplitude loading programs 
were chosen to compare the effects of different loading 
histories on stress relaxation behavior, a necessary factor 
in the determination of local stress in cyclic loading 
Situations. In the tests proposed, the requirement for 
compressive loading of the plates was ruled out on the basis 
meeeein dcctual aircraft structures such loads, in the nigner 
Stress regions to be encountered, would cause buckling and 
change the nature of the investigation entirely. 

In summary, this investigation was directed toward 
determining a method whereby local stress can be calculated 
from knowledge of nominal strain and material properties 
alone. Local stress relaxation behavior was examined in order 
to extend the local stress vs. nominal strain relationship 
to the determination of local stress under cyclic loading 
and thereby give it practicality in future fatigue life 


determination studies. 
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lie SIRESS-Sim A Nee ON UNTAXIAL 
SPECIMENS OF 7075 T-6 ALUMINUM 


A. INTRODUCTION 

In order to provide a sound data base for comparison 
with data obtained in tests on plate specimens with central 
holes (Figs. 1 and 2), uniaxial specimens of 7975 T-6 
aluminum (Figs. 3 and 4) were subjected to three different 
tests. The first test was designed to obtain monotonic and 
cyclic stress-strain curves. The second and third were 
single and dual amplitude cyclic loading tests, which were 
designed to obtain monotonic stress-strain curves and stress 
relaxation data under two different types of loading. The 
single amplitude cyclic loading test was designed to 
repeatedly load the specimen to a predetermined strain, which 
remained constant throughout the test. The dual amplitude 
cyclic loading test was designed to alternately load the 
Specimen to two predetermined strains, One approximately 
twice the magnitude of the other. 

The data obtained from the uniaxial specimens were 
considered indicative of the properties of the material at 
the location of stress concentration factor (Ref. 3) and 
would provide a consistent and readily duplicated basis for 
determining behavior of other specimens of the same material 


but of arbitrary geometry and stress concentration factors. 
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Photo of Plate Specimen 
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Plate specimen with central hole 
constructed of 7075 T-6 aluminum 
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Photo of Uniaxial Specimen 
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The testing of the uniaxial specimens was done using an 
MTS Systems Corporation closed-loop, servo-controlled testing 
system (Figs. 5 and 6). The system was driven under strain 
control by an internal function generator or by an Electronics 
Associates, Incorporated PACE Tez analog computer. Outputs 
of voltages representing load and strain on the specimen 
being tested were input to a Hewlett-Packard X-Y recorder and 
a Hewlett-Packard dual trace strip chart recorder. 

The uniaxial specimens used in the tests were constructed 
of 7075 T-6 aluminum in accordance with ASTM recommendations 
(Rete). Each specimen had a test section cross-sectional 
area of one square inch in order that load might be inter- 
preted directly as stress on the specimen. Strain gages were 
mounted as shown in Figure 3. 

Prior to the actual tests, an alignment check, as 
described by ASTM (Ref. 12), was performed on the load cell 
test bed to ensure that strains due to bending from misalign- 
ment would not be introduced into the specimens. The maximum 
percent bending ranged from 2.37 to 4.43 percent (Table 1), 
with the average being 3.39 percent. This is within the 5.0 


percent maximum allowable bending moment recommended by ASTM. 
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Figure 6 
Photo of MIS System 








Specimens were mounted and secured in the test system 
in accordance with current MTS Corporation instructions 
(Ref. 13). Care was taken to ensure that each specimen was 
not damaged nor yielded prior to any test. 

Before each test was begun, strain gages mounted on the 
Specimen were zeroed and calibrated while the specimen was 
hanging unattached in the machine, and according to standard 
practice. The load cell output voltage was also zeroed at 
this time. All recorders in use for a particular test were 
calibrated with a known input voltage to ensure accurate 


reproduction of voltage outputs from the test system. 


B. MrclLIC STRESS-STRAIN CURVE TESTS 
ie Description of Test 

To obtain the desired monotonic and cyclic stress- 
Strain curves for 7075 T-6 aluminum, an incremental step test 
similar to that proposed by Landgraf et al. (Ref. 6) was 
ic tized. 

The closed-loop, servo-controlled material testing 
System used did not have a function generator capable of 
providing a periodic, decreasing amplitude function required 
for the incremental step test. To obtain such a function 
to drive the testing system, an analog computer and the beat 


phenomena, obtained from summing two sinusoidal functions, 


were employed (Ref. 14). 
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2 
generated by an analog computer and summed provide a resul- 


tant output of 


Yt) 7S R, Cosw,t + R Cos[(w,-dw)t] 


2 
or 
Mice) = Rk Cos(w,t + ¢) 
where 
R = Ry a Ro» M7 > Was Wy + Wo » Aw = Wy - Wo 
and 


4 R,Sin(dwt) 


Pe ban Rye R> cos a 


By appropriate selection of the variables Ry» Ro » Was and 


Wo the resultant output will oscillate at wy between Ry Rs 


and Ry - Ry at a rate of Aw (Fig. 7). Beginning at the 
maximum amplitude and continuing for approximately one half 
the beat period, 5, a cyclic decreasing amplitude function 


Newoocained. 

Both the analog computer and the material testing 
m=oreem operate on + 10.0 VDC. To utilize the full capability 
of the system, a maximum amplitude of R = + 10.0 VDC and a 
0.0 VDC were desired. Thus, R, = 5.0 VDC and 


] 
aa 9.0 VDC were chosen for maximum input amplitudes. A 


minimum of R 
R 


beat period of At = 80 s/c was selected and considered 
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adequate to remain within testing system and recorder 
limitations. Likewise, a cyclic frequency of f = I c/s was 
desired to provide the cyclic output function period of 

_ 7 ae _ 19 
feces. thus, WF 5 rad/s was assumed, fixing Wo = Fer rad/s 


since Aw = ra rad/s. The two input functions used were 


X,(t) = 5.0 Cos (Zt) 


and 


19 
X(t) 5 OmGos (art). 


To produce these functions, differential equations 


for analog solution were programmed as follows: 


>< 
ed 
-_— 
ct 
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MN 


and 


>< 
MN 
-_— 
ct 
— 
i 


- 2.2268 Xo(t). 


In constructing the scaled analog solution, the 


actual equations used were 


i - 0.24674 x, (t) 


and 


X,(t) - 0.22268 Xo(t). 


These provided a more satisfactory beat period of 
mimeeecoc.95 s/c. Thus the cyclic period became 12.65 s/c 
or twenty oscillations in one beat period. 

The output of the analog computer was supplied as 
input to the controller of the material testing system under 


strain control. Initially the output amplitude of the analog 
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computer was set to zero by Zeroing the initial conditions 

on the input functions. By manually increasing the initial 
conditions on each input function to the values calculated 
for solution, the output was increased to + 10.0 VDC, putting 
the specimen into tensile yield. Reversing the procedure 

and manually decreasing the initial conditions to Zero, 
reversing the polarity of the output and manually increasing 
the initial conditions to the calculated values, produced a - 
10.0 VDC output which placed the specimen in a compressive 
yield condition with the strain equal to the initial tensile 
yield strain. This was done to provide a symmetric cyclic 
stress-strain curve. 

The analog computer was activated with the specimen 
in compressive yield and allowed to cycle until the load- 
strain curve plotted by the X-Y recorder became linear 
through the origin, at which time the test was terminated 
(Fig. 8). This occurred after approximately nine cyclic 
eeiations. 

Output voltages representing load and strain on the 
Specimen were input to an X-Y recorder to provide a series 
of load, or stress, versus strain curves throughout the test. 
The uniaxial specimen was constructed with a test section 
cross-sectional area of one square inch, thus allowing load 
to be interpreted directly as stress, and load-strain curves 


as stress-strain curves. 
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ae Test Results 

The X-Y recorder plot of output voltages of stress 
and strain provided a series of hysteresis loops, each with 
a maximum strain amplitude less than the preceding loop 
(Fig. 8). The locus of the tips of these loops, when plotted 
in terms of stress in Lbf/iné and strain in pin/in, is the 
desired cyclic stress-strain curve (Fig. 9 and Table 2). The 
slightly "“S" shaped curve is symmetrical about the origin in 
tension and compression. The modulus of elasticity calcu- 
lated from the linear portion of the curve was 
E = 10.18 x 10° Lbf/in®: 

The initial loading of the specimen provided 
voltage outputs of stress and strain with which to construct 
the monotonic stress-strain curve (Figs. 9 and 10 and Table 
3). The modulus of elasticity calculated from this curve 


ane aie 


fos ee= 10.67 x 10 
The two percent yield stress obtained from the 
monotonic stress-strain curve is 78,000 oy in This yield 
Stress and the modulus of elasticity compare favorably with 
the theoretical values generally accepted to be 77,000 Lbf/in’ 


mini 


egeee = 10.3 x 10 
Values of stress and strain from the monotonic 

curve were used to produce a stress x strain (ace) vs. stress 

curve (Fig. 11 and Table 3). This curve was for later use 


in the plate tests. 
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Ce, SGkE AMPLITUDE CYCLIC LOADING TEST 
ie Description of Test 

A knowledge of the stress relaxation behavior in 
a uniaxial specimen of 7/70/75 T-6 aluminum subjected to single 
amplitude cyclic loading was required for comparison with 
relaxation behavior in the plate specimens. The initial 
‘loading cycle furnished stress and strain data for construc- 
tion of a monotonic stress-strain curve, which was compared 
with other similar curves previously mentioned. 

The function generator installed in the MTS system 
was capable of producing a haversine function to drive the 
system under strain control. Maximum amplitude of the 
haversine function was set to provide 7.3 VDC of the 10.0 VDC 
available. This input amplitude corresponded to 11167 y in/in 
strain in the specimen. The specimen was cycled 275 times 
to the maximum strain value. A dual eaae strip recorder and 
an X-Y recorder were used to plot load and strain output 
voltages. 

ce: Test Results 

The plot of stress and strain provided by the X-Y 
recorder allowed calculation of data points from the initial 
loading cycle for construction of a monotonic stress-strain 
curve (Fig. 12 and Table 4). The modulus of elasticity 
calculated from the linear portion of the curve was 


6 


fe=7 10.0 x 10 Ibf/in’. The yield stress was found to be 


80,000 lbf/in’. Values of stress and strain from this curve 
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mememused to construct a stress x strain (ce) vs. stress 
curve (Fig. 13 and Table 4) for later use in the plate tests 
and for comparison with those of the other uniaxial specimen 
tests. 

The stress output voltages obtained from the dual 


2 (Table 5) and 


trace recorder were converted to Ibf/in 
plotted against the cycle number, N, on semilog graph paper 
(Fig. 14) to indicate stress relaxation behavior graphically. 
The locus of data points appeared to form a straight line 


indicating stress relaxation behavior could be represented 


by an exponential equation of the form 


A- ljeast squares exponential curve fit calculator algorithm 
was applied to the data on 253 points out of 275 taken. The 


resulting equation was 


ae 
ee eee ano a 


A correlation coefficient of 0.994 was calculated for the 
fit. Thus the relaxed stress value at any cycle number, N, 


could be obtained with a high degree of accuracy. 


Di Pal AMPLITUDE CYCLIC LOADING TEST 


I Des Ce Pil Olle On mie Sit 
Knowledge of the effects of dual amplitude cyclic 
- loading on stress relaxation behavior in uniaxial specimens 


of 7075 T-6 aluminum was desired for comparison with the 
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results of the single AMoNe entic cyclic loading test on a 
uniaxial specimen and the plate tests. 

The MTS system's function generator did not have 
the capability of producing a dual amplitude, cyclic function. 
The analog computer and the beat phenomena used in the cyclic 
stress-strain curve test were applied to the problem in a 
modified form. A function with a low, positive amplitude of 
one half that of the high amplitude was desired (Fig. 15). 
For optimum utilization of the system this required a 
maximum high amplitude output voltage of + 10.0 VDC, thus 
fixing the maximum low amplitude output voltage of + 5.0 YDC. 

From the development of the function for the cyclic 


stress-strain curve test (Ref. 14) 


X,(t) = R, Cos (wt) 


] 
2) Ro Gos (wot) 
and 


Xt) = R 'COS (w,t + o). 


Summing of the two functions, X(t) and X(t), produced the 


resultant, X(t), where 


es.O , 


and 


_ TAN ® = R Cos @ Ry + R, Cos (Awt 


2 


36 








uolLzoUNJ YnduL spnzyL{dwe eng 


Gl aunbiy 


x i \ 


eas | / 


1 Oc —e ———-> 


[NN 


<cjo 


a0 





ee 


oa. 





where 


Aw = w) - W 9 and T = 2nr/Aw can be written. 


Consideration of Figure 15 and the conditions that 
R = 10.0 at the high amplitude output and R = 5.0 at the low 
amplitude output allowed constraint equations to be written 


in the form 


X(t) + A =R 
where A was a constant voltage added to give an additional 
degree of freedom with which to force the resultant output 
into a dual amplitude wave form. The constraint equations 


obtained were 


and 


>< 
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No| 4 
ad 
4p 
T 
on 


An additional constraint equation was obtained from the 
negative portion of the desired waveform, where R = - 5.0 


was arbitrarily chosen such that 


Kz) tae - 5. 


The application of 


za 


Ree) = "GR= 9+ Reto RoR 


2 2 
; 3 1 Ro Cos (Awt) | 


“Ro Salemi fice) 


_ -] 
M(t) = Tan LR + Ry Cos (Aut ] 


and 


Gc.) -=RCe). Cos (wit + 9) 
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7 


to the above constraint equations at t = 0, t= i and t = , 
gave rise to three equations in three unknowns for solution. 
For these calculations Se 2Aw was desired for only two 
amplitudes to be produced per cycle. 

At t = 0, 


Oo) = Of) RO) = Ra + Ro» and X(0Q) = 


] 


R(0) = R, + R, 
and 
R, z Ro + A = 10 
At t = q, 
swt = dug = 5, and wt = 7, 
then, 
0(z) : 2, R(z) = [Re + nz] and 


45 
(p= -RS + RS] Cos [1x + @ (4) 1. 


By use of a trigonometric identity the equation 


35 
Wie os Z 2 T 
X(z) = - [R; + Ro J Cos Q (z) 
could be written. Then, if a right triangle is constructed 
bs 
with Ry and Ro as sides and [Re 4 RS] as the hypotenuse, 


Q(t) is the angle between the hypotenuse and R,. Therefore, 


iat) 1 


e 25% 
[Ry + Ro] 
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which, when substituted into the equation for K(z). yielded 


Then, 
= @oet oN P= = 54,0 


could be written. 


5 = +, and wt = 27, 


> 
ct 
ct 
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Koj 
ee 
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ct 
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ee 
E 


then, 


le fli be. ees 
B(>) = 0, R(s) = R = Ro» and X (5) = Ry - Ro 


Then, 


were available for solution to obtain Ry» Ro» and A. 
Simultaneous solution of the equations gave values of 


R, Sueno, KR, = 2.50, and A = 1.25. During the solution for 


2 


these values it was noted that if Ry ="6e00-ahee = 26502. and 


Z 
4 = 1.0 were substituted in the equations the only change in 
the output function would be the maximum amplitude of the 


negative cycle, such that 
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(0 )=r Am= 10 

K(7) # a= - 5.5 
and 

X(5) ta = 5. 


Because such a change would not alter the original function's 
high and low positive amplitudes, which were of prime 
concern, and because the negative amplitude value was 
arbitrarily chosen as - 5.0 initially, the latter values were 
chosen for convenience in setting the initial conditions on 
the analog computer. 

Having established the amplitudes required to 
generate the desired function, the frequencies Wy and Wo 
were considered next. The requirement to keep the periodic 
output function rate low to remain within system and recorder 
limitations led to the selection of w= w/ 5 rad/s. “Hanan 
assumed w, = 24u, dw = 1/10 rad/s and wy = 1/10 rad/s 
followed. This established the beat frequency, f, at 
f= Onis c/s and + = 20 s/c. Thus, the period for one local 
oscillation, from high peak amplitude to the next correspond- 
ing low peak amplitude, was hee WOmasHe.. 


The input functions thus obtained were 
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To produce these functions, differential equations 


for analog solution were programmed as follows: 


ce = - 0.3948 xX, (t) 


and 


o< 
NO 
= 
cr 
— 
i 


The two input functions were summed with A = 1.0 VDC 
meeene final stage, prior to input of the resulting function 
to the controller of the MTS system, to provide alternating, 
maximum positive amplitude peak output voltages Of tale Oey DC 
emjoet5.0 VDC. 

To prevent compressive yield in the specimen due 
to the - 5.0 VDC output on each cycle of the function, the 
reference voltage, or local zero, of the system was set such 
that, under strain control, the negative voltage output 
caused the specimen to be pilaicied) 1Nvd=s tate of Zen0 8s tau 
Maximum strain was set to 7.0 VDC output of the 10.0 VDC 
meanlable. This corresponded to 10/3/ » in/in strain in the 
Specimen on the high amplitude cycle and 6168 uw in/in strain 
on the low amplitude cycle. | 

As in the cyclic stress-strain curve test, initial 
conditions were set to Zero at the start of this test and 
then brought up to the specified values manually with the 
System under the control of the analog Oe With all 
initial conditions set in, the specimen was in a maximum 


Strain condition. At this point the analog computer was 
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activated and allowed to cycle the specimen 140 times. 
Outputs of strain and load voltages were recorded on both 
the X-Y recorder and the dual trace strip chart recorder. 
As in the previous tests, load data were interpreted directly 
as stress. 
Ze Test Results 

The output voltages of stress and strain plotted 
by the X-Y recorder provided data points from which a mono- 
tonic stress-strain curve was constructed (Fig. 12 and 
Table 6). The modulus of elasticity calculated for. the 


6 ibf/in®. The yield stress was 


curve was E = 10.19 x 10 

78,000 Ibf/in’. Stress and strain data from this curve were 

used to construct a stress x strain (oe) vs. stress curve 

for comparison with those of other uniaxial specimen tests 

and for later use in the plate tests (Fig. 16 and Table 6). 
The dual trace recorder provided stress output 

voltages from which maximum stress per cycle could be 

computed (Table 7). The stress data were plotted versus | 

cycle number, N, on semilog graph paper (Fig. 17) to 

graphically represent stress relaxation behavior. The locus 

of the low amplitude data points as well as the high amplitude 

data points appeared to form a straight line, indicating 

equations for both stress relaxation behaviors would be of 


the form 
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A least squares exponential curve fit was applied to 70 high 
stress points and to /0 low stress points. The resulting 


equation for the high stress relaxation behavior was 


3.168 x 107°)N 


ao = 76930 aa 


with a correlation coefficient of 0.999. For the low stress 


Situation the equation was 


~(7.572 x 107°)N 


o = 45600 e 


with a correlation coefficient of 0.998. Thus the stress 
relaxation behavior in a dual amplitude loading program was 
defined in terms of the number of cycles and an initial stress 


value. 


E MESCUSSION OF TEST RESULTS 

The main objective of the uniaxial specimen tests was 
to provide consistent data in the form of monotonic and cyclic 
stress-strain curves, stress x strain (ce) vs. stress curves, 
and stress relaxation behavior for 7075 T-6 aluminum. These 
data were to be used for comparison and analysis of data 
taken in tests on plates with central holes. 

Three monotonic stress-strain curves were obtained based 
On three separate tests of uniaxial specimens (Figs. 10 and 
12). The moduli of elasticity for the three tests were 


6 ibf/in@ for the curve obtained from the 


6 


eee 10.67 x 10 
Merie stress-strain curve test, —E = 10.0 x 10 1bf/in* from 


the single amplitude test, and E = 10.19 x 10° Ibf/in® from 
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the dual amplitude test. These values are within a maximum 
of 6.28 percent of each other. The average value of the 
6 


Meeeaemoduli of elasticity, — = 10.29 x 10° Ibf/in®, is 


almost identical to the published value for /0/5 T-6 


6 Ibf/in®. The maximum deviation of 


aluminum, E = 10.3 x 10 
individual values obtained from the published value is 3.48 
percent. Comparison of curve shape indicates excellent 
correlation up to stresses of approximately 60,000 Ibf/in¢, 
after which some deviation of the curves from each other is 
evident. The monotonic stress-strain curve from the dual 
amplitude loading test tends to decrease slope more rapidly 
above 60,000 Ibf/in® and reaches a limit at a stress level 
af 736,000 lbf/in®. The single amplitude loading test curve 
and the monotonic stress-strain curve from the cyclic stress- 
strain curve test decrease slope at approximately the same 
rate but have stress limits of 80,000 Ibf/in® and 
78,000 Ibf/in*, respectively. 

Because only one cyclic stress-strain curve was 
developed (Fig. 9), a comparison for consistency could not be 
made. However, the modulus of elasticity obtained was 


6 Ibf/in¢, which is consistent with the mono- 


—E = 10.18 x 10 
tonic stress-strain curve values obtained, as it should be. 
The slope decreases more rapidly in comparison to the mono- 
tonic curves and remains below it indicating the material 


cyclically softens. This is not compatible with the results 


Found by-Landgraf et al (Ref. 6), which indicates 7075 T-6 
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aluminum hardens under cyclic loading. The cyclic stress- 
strain curve obtained in this test was the only one available 
for use and therefore would be used, if necessary, while the 
differences in results were noted. 

miemstress x strain (ce) vs. stress cunves (Figs. 11, 
13 and 16) obtained from the three stress-strain curves 
conform favorably. The differences noted are due to the 
differences Foumcl in the stress and strain data and perpe- 
tuated in the mathematics used to construct them. As in the 
monotonic cases, and for the same reasons, the stress x 
strain (ce) vs. stress curves are acceptable for use in the 
plate tests. 

A comparison of the stress relaxation behavior jin the 
single and dual amplitude loading tests can be made by 
consideration of the equations obtained previously describing 


this behavior. The equations take the form 


iieoaeeicular interest are the initial stress, o and the 


Ae 
stress relaxation rate parameter, b. The single amplitude 
loading test produced o = 73160 Ibf/in® and b = 3.177 x 107%, 
while the high stress relaxation behavior of the dual ampli- 
tude loading test produced o = 76930 Ibf/in® and 

b = 3.168 x 107°. The initial stresses differ by 4.8 percent, 
possibly due to the mathematics of the curve fit routine, and 


the relaxation rate parameters differ by 0.28 percent. This 
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correlation seems to be quite good and would indicate the 
type of loading history does not appreciably affect the 
relaxation behavior of the material when it is loaded 
repeatedly beyond the proportional limit. However, because 
only one low cycle stress was applied between the high stress 
cycles, further tests with considerably different loading 
histories would be desirable before concluding this to be the 
general behavior of the high stress relaxation. 

| The low stress level relaxation behavior provided an 
initial stress of o, = 45,600 Ibf/in* and a relaxation rate 
parameter of b = 7.5/2 x Tn. The relaxation rate parameter, 
b, is significantly higher for the low stress portion of 
loading than for the high stress portion and indicates a 
possible association between initial stress and relaxation 
rate. Because only one dual amplitude loading test was 
performed at one low stress value, further dual amplitude 
tests with various low stress values are warranted prior to 
generalizing this association. 


From the three uniaxial specimen tests a sound data base 


was obtained for use in the analysis of the plate tests. 
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Pee EOCAL STRESS=STRAIN BEHAVIOR 


A. INTRODUCTION 

General stress analysis indicates aircraft structures 
are in a state of uniaxial stress in most cases but contain 
numerous local stress concentrations. The Department of 
Aeronautics, Naval Postgraduate School, Monterey, California, 
has developed a strain monitoring system which provides data 
eaeene nominal stresses experienced by aircraft structures 
(Refs. 15, 16, and 17) which could be applied to obtain 
ied! strain at the stress concentrations. Practicality 
prevents Bien monitoring of the numerous local stress concen- 
trations, while fatigue life estimation requires knowledge 
of local stresses. A means of relating the readily awed lee 
nominal strains and the local stresses iS required for 
practical fatigue life estimation in aircraft structures. 

In order to obtain relationships between local stress 
and nominal strain for real structures possessing geometric 
effects, plates with central holes to model those effects 
were subjected to single and dual amplitude cyclic loading 
tests. The local strain and nominal stress and strain data 
obtained in these tests were used to calculate local stress 
at the hole in order to determine the suitability of a method, 
based on a theory proposed by Neuber (Ref. 1), for computing 
local stress on the basis of knowledge of nominal strain and 


the material properties alone. In addition, these tests 
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were expected to show the interactions, if any, between 
geometric configuration and loading history on the local 
stress relaxation behavior as compared with the behavior 


found in uniaxial specimen tests. 


B. CALCULATION OF LOCAL STRESS ON INITIAL LOADING 

Because stress in a plate can not be measured directly, 
other analytical methods must be used to determine the stress 
Bt points (A) and (B) in Figure 2. 

One such method involves a proposal by Neuber (Ref. 1), 
derived from a study of prismatical bodies. Neuber concluded 
that the geometric mean of stress concentration factor, Ke 
and strain concentration factor, K > is equal to the elastic 


Stress concentration factor, Ky In equation form: 


K_K 


ct PO 


where K is local stress, o, divided by nominal stress, S, 
and K is local strain, e«, divided by nominal strain, e. 


This equation can be further reduced to 


Q 


e 
c 


K 


2 
t 


~N 


or, by assuming nominal stress remains in the linear region 


and S = E— e, 


KE = Gone 
E e 


inethis form the stress concentration factor is calculated 


on the basis of the measured local and nominal strain and 
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calculated values of local stress, and the modulus of 
elasticity from the appropriate stress-strain curve. The 
stress concentration factor thus calculated should be 
indicative of, in this case, all plates with central holes 
of the same proportionate dimensions and of the same material. 


With the stress concentration factor thus calculated 


can be written. Therefore, with the stress concentration 
for a particular configuration known, the modulus of elas- 
ticity for the material, and a stress x strain (ce) vs. 
stress curve as calculated in the uniaxial specimen tests, 
the only requirement is knowledge of the nominal strain, an 
easily obtained quantity from a practical standpoint. In 
further discussions this method will be known as the Neuber 


method. 


c. EVALUATION OF STRAIN GAGE PLACEMENT 

Prior to conducting tests on the /075 T-6 aluminum 
plate specimens, a determination of the validity of strain 
data obtained from strain gages positioned at points (A) and 
(B) in Figure 18 was made. A plate specimen of 2024 aluminum 
was Prepared with strain gages mounted at these points. 
Strain gage (A) provided maximum strain on the notch or hole 
edge and strain gage (B) provided an average of strain across 


the area it spanned. 


DZ 





le 


Figure 18 
Center section of plate specimen 


with locations of strain gages 
used in strain gage placement test. 
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The plate was loaded into tension in load steps of 
2000 ibs. up to 18,000 Ibs. Strain data from each strain 
gage and load were recorded at each step. This step was 
repeated three times. Nominal stress on the plate was 
calculated from load data (Tables 8, 9, and 10). 

To calculate the theoretical values of strain at the 
two locations the stress and strain solutions for an infinite 


* 


plate with a hole in the center were used. The stress 


equations 
2 2 4 
og. = 5 [(1 - S) - (1 - 4 Sy + 3 Sy) Cos 20] 
r r i" 
and 
Oo a’ at 
a A 


were substituted into the strain equations 


a 
aE [o., : von] 
and 
€ BO = vo | 
6 E 6 ip 
where 
i stress in the region of the hole in a direction 
perpendicular to that of the loading 
a stress in the region of the hole in a direction 
parallel to that of loading 
o - nominal stress on the plate 
a - radius of the hole 
r - distance from the center of the hole to the point 


of interest 


6 - angle measured from a horizontal bisector of the 
hole to the point of interest 
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e - strain in the region of the hole perpendicular 
to the direction of loading 


a strain in the region of the hole parallel to 
the direction of loading 

E - Young's modulus of elasticity 

v - Poisson's Ratio 


Of interest was the area along a line bisecting the hole and 
perpendicular to the loading direction where 6 = 0. The 
strain equation for this region is 

Lao 
ee ae 


r 


m 
Dp 

' 
hola 


4 
3v ) + 35) (1 + vy) + 2]. 
r 


For maximum strain r = a, or 


E 


OG 
maxX SF 


6 
For the average strain value, that which the gage measures, 
the strain was integrated over the radial distance from the 


inner edge of the strain gage to the outer edge and divided 


by that distance such that 


We 
E = BGS OPE) ra @ 3u) + ae + y) + 2]dr 
g : 
P avg cE ai | re ms 
"1 


or 


avg 
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The physical placement of the strain gage on the sheet 


provided the following data: 


i Oasis. ; ry = I-OG2=in:., a= 120 1n. 


SP iceman wand 


From data for 2024 aluminum E = 10.6 x 10 
vy = 0.33. Substitution of the above into the equations for 


maximum and average strain provides 


Naceou2e cyiny 10 


m 
iN 


maxX 


and 


E 0225401 co Fiin/in. 


8 
avg 


Substitution of nominal stress values obtained in the actual 
tests into the above equations provided values of maximum and 
average strain to compare with the measured values of strain 
(Table 8, 9, and 10). | 

Of the three test series run, the second is considered 
the most ee and reliable, with runs 3 and 1 next in . 
accuracy in that order. In the comparison of theoretical and 
actual average strains in all three runs the measured strain 
exhibited greater deviation from the theoretical strain at 
the lower stress level of approximately 2000 lbf/in? (Table 
11). In the two most reliable runs this deviation was 
approximately 2.5 percent. As stress increased, deviation 
decreased until stresses of around 9000 Ipf/in’ were reached. 


At this point the strain deviation again began to increase, 
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reaching a maximum of less than 1.5 percent at over 17,000 
iee/in?. Also noted was the tendency of measured strain to 
cycle about the theoretical strain. At low stresses the 
theoretical exceeded the meaSured strain. With increasing 
stress, measured strain increased, equaled theoretical at 
approximately 9000 Ibf/in®, then exceeded theoretical strain 
up to the maximum stress reached in each test. 

The deviation of the measured strain from the theoretical 
strain was considered small and well within the accuracy of 
the entire material testing system, including the strain gages 
themselves, and therefore was considered adequate for the 
purpose of future tests. : 

The results of the maximum strain data comparisons were 
somewhat less desirable. In all runs, measured strain was 
greater than theoretical strain, and deviation continued to 
increase up to a maximum of approximately 5.25 percent. This 
greater deviation in the maximum strain tests than in the 
average strain tests was considered to be due to the placement 
of the strain gage on the curved, inside edge of the hole. 
Initial curvature of the strain gage was unavoidable due to 
its location, and the extension experienced by it was not 
entirely in the plane of the strain gage, as required for 
accurate strain reproduction. The trend of the deviation 
indicates that athigher stress levels than the levels 


encountered here, the deviation would be accordingly higher. 
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The increasing trend of the actual measured strain's 
deviation from the theoretical, and the close correlation of 
the average strain measured in the test with that calculated 
by theory, led to the decision to instrument plate specimens 
for this investigation for average strain data output rather 


than for maximum strain reproduction. 


D. CYCLIC LOADING TESTS 

The plate specimens were tested in the MTS Corporation 
closed-loop, servo-controlled testing system used in the 
uniaxial specimen tests. The same function generator and 
analog computer were used in the plate tests. The functions 
used for strain control of the system were identical to those 
used in the uniaxial specimen single and dual amplitude cyclic 
loading, tests. Output voltages representing load and strain 
were recorded on the Hewlett-Packard X-Y recorder and a Varian 
Corporation eight channel strip recorder. The X-Y recorder 
was used to record voltage outputs of nominal loads and local 
Serain for test mOrnCOr ine purposes only, and was not required 
for actual data analysis. The Varian recorder was calibrated 
to record one voltage input across two channels, thus doubling 
the resolution. This was done for six channels to provide 
more accurate recording of local strain data on two of the 
doubled channels, and nominal strain data on the third. 
Nominal load output voltages were recorded on one single 


channel strip. 
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Two plates with central holes (Figs. 1 and 2) were 
constructed from the same master sheet of /075 T-6 aluminum. 
Care was taken to ensure that no stress raisers, such as 
scratches or notches, other than the hole itself were 
introduced. The cross-sectional area of each plate was 
1.080 in’, Strain gages were mounted at points (A), (B), and 
(C), as depicted in Figure 2. Strain gages at points (A) and 
(B) provided local strain at the point of highest stress in 
the plate and the strain gage at (C) provided nominal strain 
in the plate. The two local strain gages, one on either side 
of the hole at the point of maximum stress, were utilized to 
ensure that the data recorded were representative of a plate 
in uniaxial tension and not subject to undesirable loading 
such as shear introduced by improper clamping. 

Prior to each test all strain gages on the specimen were 
zeroed and calibrated with the specimen free at one end. 
memceactachment of the free end to the system's load cell, 
the strain gages were zeroed under load control and the load 
output voltage adjusted to zero to ensure Zero load at zero 
Strain. Recorders were calibrated prior to each test with 
a known voltage input to ensure accurate reproduction of 
voltage inputs from the test system. 

I. single Amplitude Cyclic Loading Test 

Nominal stress and strain and local strain data 
from a plate with a hole under single amplitude cyclic loading 
were required for evaluation of the accuracy of Neuber's 


method, and for construction of monotonic local stress vs. 
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nominal strain curves for comparison with the curves obtained 
from a plate under a different loading history, and for later 
use in stress relaxation behavior studies. 

The haversine function produced by the function 
generator in the MTS system and used in the uniaxial specimen 
test was employed in this test on the plate. The system was 
driven under strain control to a maximum amplitude of 7.3 .VDC 
of the 10.0 VDC available. This voltage corresponded to 
11167 pin/in strain in the specimen, according to strain gage 
(1) used as a control reference by the system; and to 11696 
uin/in strain in strain gage (2), mounted opposite the 
reference strain gage and used for data consistency compari- 
sons. The specimen was cycled 91 times to the maximum stress 
value. 

The MTS system supplied one local strain and the 
nominal load voltage outputs to an X-Y recorder for test 
monitoring purposes. Voltage outputs for local strain, 
nominal strain, and nominal load were supplied to the Varian 
mecorader for later data reduction. 

Za. Single Amplitude Cyclic Loading Test Results 

The Varian recorder provided voltage representations 
of nominal load, nominal strain, and local strain from two 
gages. Nominal stress was obtained by dividing the nominal 
load by the cross-sectional area of the plate at the clamped 
ends. Nominal stress and local and nominal strains were 
computed’ for numerous points on the initial loading cycle 


Table 12). 
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A cOlipawisen Of “Seress Concentratvon factors 


calculated using Neuber's equation, 
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with the theoretical stress concentration factor calculated 
for the plate with a central hole was made to evaluate Neuber's 
theory. 

The theoretical stress concentration factor was 


calculated according to 





(Ref. 18), where W was defined as the width of the plate and 
D was defined as the diameter of the hole. From Figure 2, 
meewerz.0 in. and D = 2.0 in., therefore the theoretical stress 
Sencentration factor was calculated to be K. = 2507. 

The stress and strain data taken from the initial 
loading cycle were used to calculate stress concentration 
factors for the plate to evaluate Neuber's equation. Two 
values of local stress due to material variations were 
obtained with each strain value from the local strain gages 
by entering the monotonic stress-strain curves constructed 
meom: (1) the cyclic stress-strain test, and (2) the single 
amplitude cyclic loading test on the uniaxial specimens. 

With local and nominal stresses and strains known, the stress 


concentration factors could be calculated according to 
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This was done at seventeen points of local strain for both 
local strain gages and the two monotonic stress-strain curves 
mentioned (Table 13). The results were averaged such that 

K, = 2.59 for strain gage (1) and K, = 2.67 for strain gage 
(2) from the single amplitude cyclic loading test monotonic 
stress-strain curve, and K. =§2 56 for-<strain“dage (1) and 


[e=mee.68 for strainsgage (2) from the monotonic stress-strain 


ie 
curve constructed in the cyclic stress-strain curve test on 
the uniaxial specimen. 

The maximum deviation of the stress concentration 
factors calculated from Neuber's theory was 4.10 percent. The 
average of the four values was K, ="2 764 S-wiemimec oo” percent 
of the theoretical value. The close correlation of the 
experimental stress concentration factors with the theoretical 
value indicates that Neuber's relationship is valid as a 
mesys TOY calculating local stress. 

Nating the apparent validity of Neuber's equation, 
data points were calculated for construction of monotonic 
local stress vs. nominal strain curves, based on Neuber's 
method, from the viewpoint of the analyst who has knowledge 
of modulus of elasticity, stress concentration factor, and 
nominal strain only (ce is unknown). The stress concentration 
Tractors calculated even both local strain gages, the several 
moduli of elasticity, and nominal stress were used to obtain 


four local stress vs. nominal strain relationships for com- 


parison.- Neuber's method was applied, as previously outlined, 
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Oe 


to obtain local stress which was then plotted against the 
corresponding local strain (Fig. 19 and Table 14). 

To provide a basis for comparison of the local 
stress vs. nominal strain from the two sets of data, two 
curves were constructed: one based upon the average value of 
the stress concentration factors, Ky = 2.64, and the average 
value of the three moduli of elasticity, E = 10.29 x 10° 
Ibf/in¢, and the other based upon the theoretical value of 
K. = 2.57 and the published value of modulus of elasticity, 

E = 10.3 x 10° 1bf/in®. The average curve, (A), in Figure 19, 
although slightly above, correlates well with the theoretical 
curve, (B). The scatter of all data points about these 

curves is quite low. 

The maximum variation between the two sets of data 
points was 38.46 percent for strain gage (1) and 37.93 percent 
for strain gage (2), both at the lowest nominal strain 
(Table 14). The average variation for all points was 6.03 
percent and 6.14 percent respectively, but omission of the 
initial data point with maximum variation on each test reduced 
this average to 4.00 percent and 4.15 percent, respectively. 

The low scatter of the data points about the 
theoretical and average curves, as well as the relatively low 
average variation between the points based on the two sets of 
data, indicated either the average or the published material 
properties may be used to construct local stress vs. nominal 


Strain curves for practical use. 
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Be Dual Amplitude Cyclic Loading Test 


Having established a data base for a simple cyclic 
loading history of a plate with a hole in the single ampli- 
tude cyclic loading test, stress and strain data from a 
different loading situation were desired. In order to 
establish a sound data base on more realistic loading situa- 
tions, a plate specimen with a central hole was subjected to 
a dual amplitude cyclic loading test. This simple step toward 
the more realistic situation of random cycling was expected 
to provide a second evaluation of Neuber's equation, local 
stress vS. nominal strain curves for comparison with those of 
the single amplitude cyclic loading test, and additional data 
for use in the study of local stress relaxation behavior. 

The dual amplitude function provided by the analog 
computer for strain control of the system in the dual ampli- 
tude cyclic loading uniaxial specimen test was repeated in 
this plate test. As in the previous test the system was 
driven to a maximum amplitude of 7.0 VDC of the 10.0 VDC 
available. This voltage corresponded to 10/708 nin/in strain 
in the material, according to strain gage (1) used as a 
reference to control the system; and to 11178 pin/in strain 
according to local strain gage (2) used as a comparison 
meaanst the first. 

In this test the initial conditions to the analog 
computer were set to zero prior to the start of the test run. 
The plate specimen was brought up to a maximum amplitude 


Strain in the first cycle by manual input of the initial 
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conditions to full value. At the maximum amplitude the 
analog computer was activated and allowed to run for 114 
cycles before test termination. 

; The system supplied one local strain and the nominal 
load voltage outputs to an X-Y recorder for monitoring pur- 
poses during the test run. Voltage outputs representing both 
local strains, the nominal load, and the nominal strain were 
supplied to the Varian recorder -for reproduction. 

4, Dual Amplitude Cyclic Loading Test Results 

As in the single amplitude cyclic loading plate 
test, nominal load, nominal strain, and two local strains were 
recorded. Nominal stress was calculated by dividing nominal 
load by the cross-sectional area of the plate at the clamped 
end. A second evaluation of Neuber's equation was made by 
comparison of stress concentration factors calculated from 
experimental data with the theoretical value for the plate 
configuration, Ky me Oe 

Stress concentration factors for the plate were 
first calculated using stress and strain data from the initial 
loading cycle (Table 15). Local strains were used to obtain 
local stresses directly from the monotonic stress-strain 
curves developed from (1) the cyclic stress-strain test and 
(2) the dual amplitude cyclic loading test on uniaxial speci- 
mens. The known values of local stress and strain and 
nominal stress and nominal strain for fifteen points on the 


initial loading cycle were used in 
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to obtain stress concentration factors for averaging (Table 
16). The stress concentration factors thus obtained were 

ul 2.62 for strain gage (1) and K, 
(2) based on monotonic stress-strain data from the cyclic 


= 2.6/7 for strain gage 


stress-strain test, and cae 2.61 for strain gage (1) and 


feeee2.65 for strain gage (2) for data based on the single 


c 
amplitude cyclic loading test. 

The maximum variation of the stress concentration 
factors calculated by Neuber's theory was 3.75 percent. The 
average of the four values was K, = 2.64, within 2.56 percent 
of the theoretical and identical to the average Ky found in 
the single amplitude cyclic loading test. The conclusion 
made from the data of the single amplitude cyclic loading 
test, that Neuber's theory is valid as a basis for calculating 
local stress, was reinforced by the close correlation of 
experimental stress concentration factors with the theoretical 
Zeetnis test. 

Local stress vs. nominal strain curves were con- 
structed for comparison with those obtained in the previous 
test. The stress concentration factors were calculated using 
Gemeaetrom both local strain gages and two moduli of elasticity: 
one from the dual amplitude cyclic test, and one from the 
monotonic stress-strain curve of the cyclic stress-strain 
test, and nominal strain data from this test. The Neuber 
method was applied to these data to obtain local stress which 


was plotted against the corresponding nominal strain (Fig. 20 
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and Table 17) to give four local stress vs. nominal strain 
relationships. 

The theoretical and average curves constructed in 
the single amplitude cyclic loading test were applied to the 
a@eaepoints of this test also and, again, a low scatter of 
points about the curves (A) and (B) was noted. 

A variation between curves constructed on one data 
base with those of the other data base was noted. Maximum 
variation between the two sets of data points was 11.94 percent 
for strain gage (1) and 13.24 percent for strain gage (2), 
with the average variation for all points of 6.32 percent and 
7.71 percent, respectively (Table 17). Due to the low scatter 
about the theoretical and average curves and the relatively 
low variation between the two sets, a curve constructed on 
the basis of either averaged or published material properties 
would be good for practical uSe. 

5. Discussion of Test Results 

The primary objective of the single and dual ampli- 
tude cyclic loading tests on plates with eR holes were: 
(1) evaluation of Neuber's relationship, for validity as a 
basis for a method to calculate local stress from knowledge 
of nominal strain and material properties alone; and (2) 
Memistruction of local stress vs. nominal strain curves for 
comparison between the two tests. 

ine caveularioneoet the stgeass concentration factors 
for evaluation of Neuber's relationship, and the construction 


of the monotonic local stress vs. nominal strain curves, were 
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carried out using two sets of stress and strain data for each 
plate test, the first set being the uniaxial specimen test 
data corresponding to the particular loading test being 
applied to the plate, and the second set being based on the 
monotonic stress-strain curve obtained in the cyclic stress- 
strain curve test on the uniaxial specimen. The latter data 
base provided a commonality to the calculations made for the 
two different plate tests. As would be expected from the 
close correlation of the stress-strain curves obtained in the 
uniaxial specimen single and dual amplitude cyclic loading 
tests, the stress concentration factor calculated in one plate 
test was approximately equal to that calculated in the other 
test for a particular strain gage. As further evidence of the 
consistency of the basic data used in the two tests, the 
stress concentration factors calculated in each test, based 
on the monotonic stress-strain curve from the cyclic stress- 
strain curve test on a uniaxial specimen, were approximately 
@quda! from test to test for a particular strain gage. Finally, 
the maximum variation between any two of the eight stress 
concentration factors calculated for both tests was 3.63 
percent, indicating that the stress concentration factor was 
essentially consistent from test to test. The average value 
of all eight factors was K, = 2.64, within 2.56 percent of the 
theoretical value. 

The high correlation of the stress concentration 


factors obtained experimentally from both tests with the 
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theoretical value calculated from plate dimensions indicated 
that Neuber's theory is a valid basis for computation of local 
stress using only nominal strain. 

The low scatter of the local stress vs. nominal 
strain data points about the theoretical and average curves 
in both tests, and the relatively low variation between sets 
Sreadeata points within a test, led to the conclusion that a 
single local stress vs. nominal strain curve based on either 
average or theoretical data would provide an accurate, 
practical relationship for determining monotonic local stress 
at a stress concentration in a structure with only nominal 


Strain and the readily available material property. 


E. STRESS RELAXATION BEHAVIOR 
le Introduction and Theory 

The stress relaxation behavior of the plate specimens 
under two different conditions of loading was required for 
comparison with the behavior of the uniaxial specimens in order 
to determine the effects, if any, of geometry on the behavior. 

Local strain and nominal stress and strain data 
were obtained from the unloading portion of the stress-strain 
curve, and from the point of maximum strain on each cycle of 
the single and dual amplitude cyclic loading tests on plates. 
The calculation of local stress from these data was required. 

The method used to calculate the local stress for 
the monotonic local stress vs. nominal strain relationships 


was expanded upon to obtain local stress for relaxation 
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behavior under cyclic loading conditions, where stress 
concentration factors could differ from those of the mono- 
tonic case. After initial tensile yielding, the stress-strain 
behavior shifts to the right on the stress-strain curve 

Wenge 21), and further cycling is along curve (A-8). This 

can be thought of as loading from a new origin. Designating 
quantities which originate from there with a subscript, u, 

for unloading, and noting that the modulus of elasticity 

along curve (A-B) is approximately equal to that along curve 


(0-A), the following quantities are defined: 


-_ - initial maximum local stress in the material 

a = initial maximum local strain in the material 

a difference en Hite al maximum local stress and 
maximum local stress on a given cycle 

a difference in initial maximum local strain and 


maximum local strain in a given cycle 
5 - initial maximum nominal stress 


S - difference in initial maximum nominal stress 
and maximum nominal stress in a given cycle 


K - stress concentration factor associated with 
curve A-B 
From these definitions and Figure 21 several general equations 


can be set forth: 
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Using this equation the stress concentration factor can be 
obtained from the measured nominal stress and local strain 
data from curve A-B. The stress concentration factor is 
assumed to be constant on subsequent cycles. 

Once a stress concentration factor for the curve 
A-B is obtained, an equation for the local stress at the point 
of maximum strain in a given cycle may be derjved. From the 


above equations 
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can be written. Then 


and 


CMA C® = Ry Lae = Sa 


movloms. For relaxation tests, the nominal stress, S$, is a 


Tunetion of the cycle number, N, such that 


Nice a [S_ = Se 

Stress relaxation appears to occur only after the 
material is yielded; therefore, the maximum local stress, Cae, 
will be assumed to be the yield stress of the material. Thus 
the local stress at the point of maximum strain in a given 
cycle can be determined as a function of initial maximum 
local stress, stress concentration factor, initial maximum 
nominal stress, and the maximum nominal stress of a given 
cycle. 

This method eliminates the requirement for a cyclic 
stress-strain curve in local stress calculations. Considera- 
tion of Figure 21 indicates that after initial yield the 
Specimen does not follow the monotonic nor the cyclic stress- 
Strain curves as constructed From the uniaxial specimen tests, 
but rather follows one which is shifted to the right and which 


is not identical to one passing through the origin of the 
Stress-strain coordinates. 
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Utilizing the above procedure, a satisfactory 
calculation can be made of local stress at the hole to provide 
data for the study of the effects of geometry on local stress 
relaxation behavior. Thus, with local stress available as a 
function of the cycle number, N, a determination of stress 
relaxation behavior could be made. 

a. Single Amplitude Cyclic Loading Test Results 

The stress and strain data obtained from eleven 
points on the initial unloading portion of the stress-strain 
curve of the single amplitude cyclic loading test on a plate 
(Table 18) were used to calculate stress concentration factors 
by the method previously developed. Moduli of elasticity of 


6 


E = 10.67 x 10 Teen” from the monotonic stress-strain 


curve obtained in the cyclic stress-strain curve test, and 


m)10.0 x 10° 


Ibf/in® from the single amplitude cyclic 
loading test on uniaxial specimens, were used. Local strains 
from both strain gages were also used to provide four stress 
concentration factors for comparison (Table 19). The values 
thus calculated were averaged to produce K, = Cy0o fOr Ssraain 
gage (1) and ee 2.94 for strain gage (2), using data from 
the monotonic stress-strain curve obtained in the uniaxial 
Specimen cyclic stress-strain curve test; and Ky = eioOvel OF 


meedin gage (1) and K, 2.76 for strain gage (2), from data 


it 
obtained in the uniaxial specimen single amplitude cyclic 


loading test. 
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Due to the significant variation of the stress 
concentration factors from the theoretical value, K, me 245! , 
and from each other, a more classical method of calculation 
of stress concentration factors was used to evaluate the 


results. From the previous development 


o(N) = Se Oy 

e(N) = i 
and 

an" Fey 


were obtained and the equation 


Sn craee o(N) = Ee, 


or 


a (N) - a Ele, -~ e(N) ] 


could be written. Then, 


o({(N) = a. - Bee ~ e(N)]. 


m 


Miporder for K, = = to be valid on the unloading portion of 
| 


the curve, residual stress, ons must be accounted for such 


that 


a(N) - oh 


S(N) 


or 
ae g Ele, - e(N)] - a 
iG S(N) 


von 





where ce > OH Efe. - ce. J and - icmicnem alle woteres 1aUd 
strain when nominal stress is zero. The average values 
calculated by this method (Table 20) were only slightly 
higher (1%) than those calculated by the orignal method in 
every case, lending validity to the first calculations. 
Subsequent data reduction was made using the first stress 
concentration factors obtained. 

Because of the wide variation in stress concentra- 
tion factors, the calculation of local stresses for the 
relaxation behavior study was done using all the factors 
obtained, in order to determine what effects the differences 
would have in this area. 


To calculate local stress for determination of the 


local stress relaxation behavior, the equation 


ee K.CS., - S(N)] 


was applied to the maximum nominal stress in a given cycle. 
The nominal stress was computed from the recorder plot of 
ameput voltage for the initial cycle, to obtain S and On» 

and for every fifth cycle throughout the test run (Table 21). 
The stress concentration factors found using the two moduli 
of elasticity and data from the two local strain gages were 
applied to the equation to obtain four values of local stress 
(Fig. 22 and 23 and Table 22) for a given cycle number, N. 

As in the uniaxial specimen tests, a least Squares exponen- 
tial curve fit routine was applied to the data to determine 


aan 


equations of the form o = oy » describing the local stress 
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relaxation behavior. All four sets of data were used to 
provide a comparison. For data based on the monotonic 
stress-strain curve obtained from the uniaxial specimen 


cyclic stress-strain curve test: 


(3.427 x 107°)N 


ge=0 79220 35 


with a correlation coefficient of 0.9650 , was obtained for 


semain gage (1) with Ky = 2.85; and 


-3 


with a correlation coefficient of 0.9650, was obtained for 
strain page (2) with K, = 2.95. Data based on the uniaxial 


specimen single amplitude loading test produced 


-(3,324 x 10°°)N 


o = 7/9470 e 


with a correlation coefficient of 0.964 for strain gage (1) 


with K, = 2,66 and 


“3)q 


with a correlation coefficient of 0.9650 for strain gage (2) 
with K, meee) Os 

The four equations thus obtained for local stress 
relaxation behavior exhibit little or no variation in the 
, initial stress; however, there is a maximum variation of 7.52 
percent between the stress relaxation rate parameters for a 


Single strain gage but of different data bases. The variation 


Om stress coneentration factors Was considered the cause of 
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this result. Because the data used to calculate the stress 
relaxation behavior equations were from equally valid tests, 
no further conclusions were drawn at this point as to the 
accuracy of one equation over the other. 
S. Dual Amplitude Cyclic Loading Test Results 

The stress and strain data taken from six points 
on the initial unloading portion of the stress-strain curve 
of the dual amplitude cyclic loading test on a plate (Table 
23) were used to calculate stress concentration factors by 
the previously outlined method. 
The moduli of elasticity of E = 10.67 x 10° 
Ibf/in’, from the monotonic stress-strain curve obtained in 
wme cyclic stress-strain curve test, and — = 10.19 x 10° 
Ibf/in’, from the dual amplitude loading test on uniaxial 
Specimens were used. Local strains from both strain gages 
were also used (Table 24). Again, the values of stress 
comeameration factiors calculated for individual points along 
the stress-strain curve were averaged. Stress concentration 
factors thus obtained were K, = 3.09 for strain gage (1), and 


t 
K, = 3.17 for strain gage (2), based on data from the mono- 


iL 
tonic stress-strain curve of the cyclic stress-strain curve 
test on the uniaxial specimen test; and K, = 29) Tors 6d Nn 
gage (1), and K, = 3.03 for strain gage (2), based on the 
uniaxial specimen dual amplitude loading test. 
As in the single amplitude cyclic loading test, 


stgnificant variation of the calculated stress concentration 


mactors from the theoretical value, Ky = 2.57, and between 
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each other, was noted. The classical method previously 
@e@seribed was applied to the data of this test (Table 25). 
The values obtained by this method were also varied, but 
considerably lower and much closer to the theoretical value 
of Ky = 2.57. Because the results of the single amplitude 
cyclic loading test exhibited close correlation between Ky 
values calculated by both methods, and the opposite was 
found in this test, additional tests were indicated prior 
to forming a definite conclusion as to the actual value of 
stress concentration factor on the unloading portion of the 
stress-strain curve. 

ifmene Interests of Uniformity of method, the first 
set of stress concentration factors obtained was used in the 
calculation of the stress relaxation behavior equations, as 
was done in the single amplitude cyclic loading test. Due 
to the variation within this set, all values were used in 
subsequent calculations. 

Local stresses for the determination of local 


stress relaxation behavior were calculated according to 


Cnt i K, i - S(N)] 


Because high stress cycles were alternated with low stress 
cycles in this test, two sets of stress relaxation behavior 
data were obtained. Maximum nominal stress and local strain 
were computed for the peak of the initial cycle to provide 
S_ and a for both high and low stress calculations and then 


m 
ele every fourth cycle thereafter on both high and low peak 
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local strain amplitudes (Table 26). The stress concentration 
factors found using two moduli of elasticity and data from 
two local strain gages were applied to the equation to obtain 
four values of local stress for each cycle number, N (Fig. 

24 and 25 and Tables 27 and 21). 

To obtain an equation of the form o = Pe 
describing the local stress relaxation behavior of the high 
stress data, the least squares exponential curve fit routine 
used in the other uniaxial and plate specimen tests was 
applied to the data. For data based on the monotonic stress- 
strain curve obtained in the uniaxial Specimen cyclic stress- 
strain curve test 
°) 


=( 2) 59a? 10) }n 


co = 78080 e 
was calculated for local strain gage (1), based on twenty-nine 
data points with a correlation coefficient of 0.947; and 


-3)y 


og = 73100 eed xX co 


was calculated for strain gage (2), based on twenty-nine data 
points with a correlation coefficient of 0.947. For data 
based on the monotonic stress-strain curve obtained in the 
uniaxial specimen dual amplitude loading test 


3) 


g = 78060 Beer od Xx 10 


was calculated for strain gage (1), based on twenty-nine 
points with a correlation coefficient of 0.9473; and 

S 
) 


eee 5 Od a Oa ty 


ao =0/ 3807 0 e 
was calculated for strain gage (2), based on twenty-nine 


points with a correlation coefficient of 0.947. 
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The least squares exponential curve fit routine 
was also applied to the data for the low stress cycles to 
obtain the low local stress relaxation behavior. For data 
based on the monotonic stress-strain curve obtained in the 
uniaxial specimen cyclic stress-strain curve test 
*) 


06.350 x 10) 9 


o = 39030 e 


was calculated for strain gage (1), based on twenty-nine 
points with a correlation coefficient of 0.960 and 

3 
) 


-(6.843 x 10 ~)N 


o = 38120 e 


was calculated for strain gage (2), based on twenty-nine 
points with a correlation coefficient of 0.961]. For data 

based on the monotonic stress-strain curve from the uniaxial 
Specimen dual amplitude loading test 

3 
) 


(59598 x 105 )N 


o = 40650 e 


was calcualted for strain gage (1), based on twenty-nine 
points with a correlation coefficient of 0.959 and 

3 
) 


6. 0 0e a0 a) 


Gamo aa 


was calculated for strain gage (2), based on twenty-nine 
Bornts With a correlation coefficient of 0.960. 

The four equations obtained for the stress relaxation 
behavior of the high stress cycles show excellent correlation 
between initial stresses. Maximum variation in the relaxation 


rate parameter was found to be 5.24 percent. 
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The four equations obtained for the low stress 
cycles exhibited greater variation in the initial stresses, 
where a maximum variation of 4.03 percent was found. Maximum 
variation between the relaxation rate parameters was found to 
be 12.17 percent. 

The Wariations noted am theastress relaxation 
behavior equations were considered due, in part, to the 
variations in stress concentration factors used in the cal- 
culations. No further conclusions were drawn due to the 
equally valid tests from which the data bases were drawn. 

4. Discussion of Test Results 

Ihewstresse concentration factors. calculated for 
local stress computation in the study of stress relaxation 
behavior were found to be significantly greater than those 
calculated for the construction of local stress vs. nominal 
Strain curves and the theoretical value computed from plate 
geometry. An attempt to verify the validity of the stress 
concentration factors based on data from the unloading 
portion of the stress-strain curve, by comparison with those 
calculated by a more classical method, provided two divergent 
results in two tests, and no conclusion could be offered as 
to the validity of one stress concentration factor over 
another at this point. Further tests are warranted to 
resolve this inconsistency. 

Because of the wide variation in stress concentra- 
mon factors, theseavenhation of doeal stresses for the 


relaxation behavior study was done using all factors obtained 
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in order to determine what effects the differences would 
have in this area. The local stress relaxation behavior 


described by equations of the form 


can best be compared by considering Table 29, where the 
parameters a) and b are listed according to test and data 
source, and Figure 26, where these parameters are plotted 
against each other, along with those values obtained in the 
uniaxial specimen tests under single and dual amplitude cylic 
Toading. Of particular interest is the symmetric grouping 
of the high stress data points, with respect to the relaxa- 
tion rate parameter, b, based onplate tests around the points 
for the uniaxial specimen tests' data points. The average 
relaxation rate parameter for all ten data points is 3.06, 
with single amplitude plate test values tending to be higher, 
dual amplitude plate test values somewhat lower. Although 
only two plate tests were run, the four values for each plate 
test, differing due to data base used in the calculations, 
appear to indicate that the local high stress relaxation rate 
tends to follow that of the uniaxial specimen rate. The local 
low stress and uniaxial low stress relaxation parameters are 
widely scattered and will require additional data to delineate 
the correct behavior description. 

The accuracy of the stress relaxation behavior noted 
in this study VWs “SUbwyect tothe Variation of “the calculated 


Stress concentration factors. This effect would be equally 
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applied to both single and dual amplitude cyclic loading 

test results, and therefore would not affect the relationship 
between the data points of the two on the initial stress vs. 
relaxation rate parameter curve significantly (Fig. 260m 
Thus, the conclusions drawn on relaxation behavior were 
considered to be qualitatively, if not quantitatively, 


accurate. 
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ry. COMNELUSTONS ONSTEST RESULTS 


The major areas of interest in the tests on uniaxial 
and plate specimens were: (1) determining whether Neuber's 
Semationship, Ke = a , would provide an accurate, practical 
method of calculating local stress, with knowledge of the 
material properties and nominal strain alone, in a structure 
subject to stress concentrations, (2) determining whether 
the local stress in the specimen follows the stress relaxa- 
tion behavior of the uniaxial specimen; and (3) determining 
whether the type of loading applied to both uniaxial and 
plate specimens alters the stress relaxation behavior. 

Neuber's theory proved to be a valid basis on which to 
establish a method of calculating local stress at a stress 
concentration in a structure based on knowledge of nominal 
strain and material properties alone. Because Neuber's 
method provides only the initial monotonic local stress in 
the structure, the stress relaxation behavior must be known 
to utilize the method in practical fatigue life determination. 

In the area of stress relaxation behavior, further study 
oieeene calculation of stress concentration factors is 
warranted. The values calculated for the unloading portion 
of the stress-strain curve ranged from K, = 2.66 to K = Pro ls 
slanificantly different than the corresponding stress concen- 


maedeion factors cdlulated on the initial loading cycle of 


the same curve, and varying greatly among themselves. 
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Additional tests are recommended to determine whether the 
stress concentration factor does vary from the loading to 
unloading portions of the curve, and whether a consistent 
factor can be obtained for the unloading segment. However, 
because a number of stress concentration factors were 
calculated and used to determine stress relaxation behavior, 
it is felt that essentially valid conclusions can be drawn 
regarding relaxation behavior without detrimental influence 
due to possibly incorrect values of stress concentration 
factors. 

A comparison of stress relaxation behavior obtained in 
the uniaxial and plate specimen tests indicated that, when 
the material is cycled repeatedly into the yield stress 
range, the relaxation rate tends to be low, in the area of 


pee oo x 107° 


(Fig. 26), regardless of the loading situation 
of the geometric configuration. Due to the scatter realized 
in the low stress relaxation behavior data, no conclusion 
could be drawn in this area other than the fact that relaxa- 
tion rate parameters are significantly higher than those of 
the high stress behaviors. Additionally, it appeared that 

the type of loading situation had some influence on the high 
stress relaxation rates found in the plate tests. This was 
not the case in the uniaxial specimens, which would indicate 
that some combined influences of geometric effects and loading 
history were present in the plates with regard to stress 


relaxation behavior. Further tests are necessary to establish 


the stress relaxation behavior throughout the range of stress 


os 





from high to low values. These tests would hopefully reveal 
a relationship between initial stress and relaxation rate 


which would reduce the present form of the equation. 


moma torm involving relaxation rate, b, as a functton of 


marcial stress, o or 


a 
Gos ge abagMN 
thus facilitating the calculation of local stress at a given 
eee. the establishment of a valid stress relaxation 
behavior equation is necessary in order to extend the uSe of 
Neuber's method to practical situations where structures do, 
in fact, cycle repeatedly. The local stress-nominal strain 
memreretonships are valid only for the tnitial cycle, after 
which stress relaxation behavior must be applied to obtain 
accurate knowledge of local stress for fatigue life studies. 
In general, the conclusions were that the initial local 
Seness in a structure subject to geometric effects can be 
obtain readily and accurately by applying Neuber's method; 
and that once the initial local stress is known, a stress 


relaxation behavior equation of the form 


can be applied to obtain local stresses at given cycles for 
Studies involving fatigue life estimation in aircraft 


structures. 
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APPENDIX A - TABULAR DATA 


TABLE 1 


Strain data and percent bending moment from alignment 
evaluation on MIS test system's load cell. 


Strain Strain Strain Strain Maximum Average Percent 
Gage | Gage 2 Gage 3 Gage 4 Strain Strain Bending 
Moment 
0 0 0 0 0 0 0 
939 983 966 912.0 983 952 20 
1404 1479 1458 1385 1479 Las2.5 mote 
1780 875 1849 Sy 1875 Lelisa25 29 
1399 148] 1455 1380 148] 1i2o 7S .66 
928 990 965 909 990 948.00 . 43 
- 979 - 93] - 920 = 959 - 979 - 947.25 365 
-1452 -1404 -138] -1417 -1452 =a oo Cave 
-1828 =|7 81 -1749 -1785 -1828 ~1705.75 Ga] 
- 1450 - 1390 -1384 -143] -1450 - | 4s 75 Zoo 
- 972 - 910 - 925 - 974 - 974 - 945.25 S004 


Percent bending moment calculated according to: 
7 Bending = ey. 1100 


avg 


Strain gages were calibrated such that 
sO" VOC = Fue sin / in 
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TABLE 2 


Cyclic stress and strain data from cyclic stress-strain 
curve test on a uniaxial specimen. 


FetielLE LOnmabs 


Cycle Load strain Stress Strain 

Volts Volts lbf/in2 uin/in 
] 780 7.40 78000 Liss 
2 Ter 7.05 77500 10602 
3 7S60 6.80 76000 10419 
4 150 6. oO 75000 9960 
5 1 0 6.00 73000 9193 
6 1038. Soe 70000 8121 
/ 6.40 4.50 64000 6895 
8 ees 0 og 0 55000 5439 
9 30 eno 39000 3831 


COMPRES c1 Vee Onl > 


Cycle Load Stipa in Stress Strain 
Volts Volts fog nc uin/in 

] -/.90 = 1955 -79000 -11262 
2 -/.90 =o -/9000 -11109 
3 -/.85 -7.00 -78500 -10726 
4 -/.80 —I0o 5 -/8000 - 10036 
5 -/.60 5.295 -/6000 - 9117 
6 =O -5.20 -/2000 - 7/968 
i, -6.30 -4.30 -63000 - 6589 
8 -5.00 = 37250 -50000 = “Sil33 

CALIBRATION 


Pecan On Deen ORO cuit: 
Strain: 1.0 ¥DEC iSss225 m)ny 10 
Stress: 1.0 ¥DC = 10,000 Ibf/in- 
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TABLE 3 


Monotonic stress and strain data from cyclic stress- 
strain curve test on a uniaxial specimen. 


Load Strain Stress Strain 
Volts Volts biG, ane ey ann 
1.00 0.60 10000 919 
2.00 ie 0 20000 1839 
S200 lees 30000 2835 
4.00 235 40000 385: | 
5.00 3.10 50000 4750 
6.00 3.80 60000 5522 
7200 420 70000 6435 
7.60 Seu 78000 7968 
730 7.40 78000 11339 
CALIBRATION 


iforarel: ° 1.0 VDC = FOm000 |bf 
Stramm: |.0 \DG@meei532.23 wingan 
Stress: 1.0 VOGeenl0.000 lbf/in® 
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TABLE 4 


Monotonic stress and strain data from single amplitude 
cyclic loading test on a uniaxial specimen. 


Load Strain Stress Steaua n SGress  xeStrain 
Volts Volts lbf/iné uin/in lbf/in2 
oF 00 0.00 O00 O00 HOG 
50 0.40 5000 612 62002 
1.00 ie? 10000 1071 hoe? | 
ee) 0 alee 15000 1683 25025 
au 0 is 20000 20a 41.30 
Ze 2 0 65 25000 2524 bee 10 
200 Zt 30000 3060 91.80 
350 Zino Of 55000 Joo par 1 3 
4.00 2.60 40000 3977 159.08 
4.50 2.95 45000 4513 203.09 
5.00 Orc 5 90000 4972 248.60 
2.00 S250 55000 5477 301.24 
6.00 oo0 60000 5966 Br 2.90 
or 0 4.25 65000 6501 Hee] 
7. 00 4.60 70000 i087 492.59 
me 2 0 4.75 72000 7266 200..15 
7.40 4.90 74000 7496 554.70 
m5 0 5, 00 75000 7649 573-68 
7.60 5210 76000 720 2 992.95 
He O 530 7/000 8108 O24-32 
780 5.40 78000 8261 644.36 
7.90 6.00 79000 9179 725.14 
@. 00 G60 80000 10096 807.68 
ee 00 ee 0 80000 eho G193..3.6 
CALIBRATION 


leads 7 @ We S Ja ow doe 
SitAdn: 1lQeWNG + )Gae.7G tonvaiT 
Stmass: 0 Ne = dann teams 
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TABLE 5 


Stress and cycle number data from single amplitude cyclic 
loading test on a uniaxial specimen. 


Cycle Load Stress Cycike Load Styess 
Volts lbf/in2 Volts lbf/iné@ 

] 8.00 80000 45 6230 63000 
2 7,85 78500 46 6s) 63000 
3 7.80 78000 47 6.30 63000 
a 1.73 77500 48 6.25 62500 
5 re 77000 49 6. 25 62500 
6 7.65 76500 50 Ge 62000 
7 7.60 76000 51 6.20 62000 
8 7.60 76000 ae Gls 61500 
9 / <3 75500 53 6.10 61000 
10 7.50 75008 54 6.05 60500 
1] 758 75000 5p 6.08 60500 
|| 74 7.495 74500 56 6.00 60000 
13 7.40 * 74000 7 6.00 60090 
14 7.40 74000 58 6.00 60000 
15 1.38 73500 59 5. 95 59000 
16 7. 36 73000 60 5.90 59000 
7 1.25 joo 0 61 5.90 59000 
18 7.20 72000 62 5.90 59000 
19 7.15 71500 63 SCD 58500 
20 7.08 71000 64 500 Se 00 
2] 7 71000 65 5230 58000 
Ze 7.05 70500 66 52a0 58000 
23 7,05 70500 67 5.80 58000 
24 7.00 70000 68 5am 571010 
25 6.95 69500 69 5 0 57000 
26 6.90 69000 70 Sn 57000 
ay 6.90 69000 7) 5270 57000 
28 6.65 68500 12 5.65 56500 
29 6.80 68000 13 Sy (55 56500 
30 6.80 68000 74 S010 56000 
31 Gea. 67500 75 S00 56000 
Si G0 67000 76 oro 56000 
33 oe 7 0 67000 77 5. 58 55500 
34 Ge 65 66500 78 So 555100 
35 6.60 66000 19 50 55000 
36 6.60 66000 80 5250 55000 
7 635 65500 81 S50 55000 
38 6510 65000 82 5.45 54500 
39 6, 20 65000 83 5.45 545010 
40 6.45 64500 84 5.40 54000 
4] 6.40 64000 85 5.40 54000 
42 6.40 64000 86 5.40 54000 
43 6.40 64000 87 5.40 54000 
44 6,35 63500 88 o> 53500 
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Cycle Load Stress Cyietle Load Stress 
Volts lbf/in Volts lbf/in2 

89 5.35 53500 140 4.60 46000 
90 5.30 53000 14] 4.60 46000 
9] 5.30 53000 142 4.60 46000 
92 5.30 53000 143 4.60 46000 
93 5.30 53000 144 4.60 46000 
94 5.30 53000 145 4.55 45500 
95 5.25 52500 146 4.55 45500 
96 5.25 52500 147 4.55 45000 
Q7 5.20 52000 148 4.50 45000 
98 5.20 52000 149 4.50 45000 
99 5.20 52000 150 4.50 45000 
100 5.20 52000 15] 4.50 45000 
101 5.15 51500 152 4.50 45000 
102 5.15 51500 153 4.50 45000 
103 5.10 51000 154 4.45 44500 
104 5.10 51000 155 4.45 44500 
105 5.10 51000 156 4.40 44000 
106 5.10 51000 157 4.40 44000 
107 5.05 50500 158 4.40 44000 
108 5.05 50500 159 4.40 44000 
109 5.00 50000 160 4.40 44000 
110 5.00 50000 161 4.35 43500 
Wa 5.00 50000 162 4.35 43500 
Tee 5.00 50000 163 

in 5.00 50000 164 

114 4.95 49500 165 

115 4.95 49500 166 

116 4.95 49500 167 

nal 4.90 49000 168 

118 4.90 49000 169 

119 4.90 49000 170 

120 4.90 49000 7 

12] 4.85 48500 172 

122 4.85 48500 ive 

123 4.85 48500 174 

124 4.80 48000 175 

125 4.80 48000 176 

126 4.80 48000 7 4.15 41500 
17 4.80 48000 178 4.15 41500 
128 4.75 47500 179 4.10 41000 
129 4.75 47500 180 4.10 41000 
130 4.75 47500 13] 4.10 41000 
en 4.75 47500 182 4.05 40500 
ie2 4.70 47000 183 4.05 40500 
133 a 47000 184 4.05 40500 
134 4.70 47000 185 4.00 40000 
135 4.70 47000 186 4.00 40000 
136 4.65 46500 187 4.00 40000 
ey «4.65 46500 188 4.00 40000 
138 4.65 46500 189 4.00 40000 
139 4.60 46000 190 4.00 40000 
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Cycle Load Stress Cycle Load Stress 


Volts Ibf/in Volts lbf/in2 
19] 4.00 40000 234 3.60 36000 
192 Beas 39500 235 3.55 35500 
193 3.95 39500 236 3.55 35500 
194 3.95 39500 237 3.55 35500 
195 3.90 39000 238 3.55 35500 
196 3.90 39000 239 3.55 35500 
197 2. 90 39000 240 3.50 35000 
198 3.90 39000 241 3.50 35000 
199 3.90 39000 242 3.50 35000 
200 3.85 38500 243 3.50 35000 
201 3.85 38500 244 3.50 35000 
202 3.85 38500 245 3.50 35000 
203 3.80 38000 246 a AG 34500 
204 3.80 38000 247 3.45 34500 
205 3.80 38000 248 3.45 34500 
206 3.80 38000 249 3.45 34500 
207 3.80 38000 250 3.40 34000 
208 3.80 38000 251 3.40 34000 
209 3.75 37500 252 3.40 34000 
210 3.75 37500 253 3.40 34000 
a 3.75 37500 254 3.35 33500 
oe 3475 37500 255 ames 33500 
ai 3.75 37500 256 330 33000 
214 eG 37500 257 3. 30 33000 
215 3.75 37500 258 3.30 33000 
216 3.70 37000 259 2825 32500 
217 3 0 37000 260 3.20 32000 
218 3 37000 261 3.20 32000 
219 20710 37000 262 3.20 32000 
220 30 37000 263 3.15 31500 
oon 2 2e 37000 264 oF 10 31000 
222 3-70 37000 265 Salts 31000 
223 370 37000 266 3.05 30500 
224 370 37000 267 3.00 30000 
225 3.65 36500 268 3.00 30000 
226 3.65 36500 269 2.85 28500 
227 3.65 36500 270 2.65 26500 
228 3.60 36000 271 2.50 25000 
229 3.60 36000 272 2.40 24000 
230 3.60 36000 273 Ahr 249000 
231 Bae 36000 274 2.35 23500 
232 3.60 36000 275 2 30 23000 
233 3.60 36000 
CALIBRATION 


Lem@ge 120 Yo@ = lauoao™ 1bf 
cemese = 1.087DC = lomano lbrein- 





TABIE 6 


Monotonic stress and strain data from dual amplitude 
cyclic loading test on a uniaxial specimen. 


Load Strain Stress Strain Stress XeStrain 
Volts Volts lbf/iné uin/in Ibf/in2 
0 0 0 0 0 
0.50 0.30 5000 459 2.295 
1.00 0.60 10000 918 9.180 
1.50 0.90 15000 laze 20.655 
2.00 1.25 20000 1912 38.240 
2.50 1.55 25000 239) 59.275 
3.00 1.90 30000 2907 87.210 
3.50 2.20 35000 3365 117.78 
4.06 2.55 40000 3901 156.04 
4.50 2.90 45000 4436 199.62 
5.00 320 50000 4895 2A 
5.50 3.55 55000 5431 298.7] 
6.00 3.90 60000 5966 357.96 
6.50 4.30 65000 6578 ADT oy 
6.60 4.40 66000 6731 444.25 
6.70 4.55 67000 6960 466.32 
6.80 4.60 68000 7037 478.52 
6.90 4.70 69000 7190 496.11 
7.00 4.80 70000 7343 514.01 
7.10 5.00 71000 7649 543.08 
7220 5.05 72000 7729 556.49 
720 5.25 73000 8031 586.26 
7.40 5.40 74000 826] 611.31 
7.50 5.50 75000 8414 631.05 
7.60 5.60 76000 8567 651.09 
7.70 5.80 77000 8873 683.22 
7.80 6.00 78000 9179 715.96 
7.80 6.20 78000 9485 739.83 
7.80 7 aro 78000 1086] 847.16 
CALIBRATION 

Load: 1.0 VDC = 10,000 lbf 

Secain:y |) WeeeeV0C = lee 223 ain in 

SeGess UNG = Gndoo Turan 
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TABLE 7 


Stress and cyclic number data from dual amplitude cyclic 
loading test on a uniaxial ‘specimen test. 


Cycle Load Stress Cycle Load Stress 
Volts lIbf/in2 Volts lbf/in@ 

] 7.80 78000 47 6.60 66000 
2 4.60 46000 48 392.0 32000 
3 7265 765000 49 6.60 66000 
4 4.40 44000 50 Jb 3S C0 
5 7.60 76000 5] 6.55 66500 
6 a0 43000 Ge C5 19, 31000 
/ 7250 75000 53 Bb 2510 65000 
8 4.20 42000 54 305 30500 
9 7.45 74500 55 6.45 64500 
10 Aa 41500 56 Sato 5 305.00 
1] 7.40 74000 5 6.40 64000 
2 4.05 40500 58 3.00 30000 
13 7.40 74000 59 6.40 64000 
14 4.00 40000 60 2495 29500 
15 jm 73000 61 6.35 63500 
16 33g 39500 62 2.90 29000 
17 7 330 73000 63 Oiao0 63000 
18 S20 39000 64 2.85 28500 
19 725 72500 65 O25 62500 
20 3.85 38500 66 2.85 28500 
al Jee 72000 67 620 62000 
22 3.80 38000 68 2.80 28000 
Zo j ao 71500 69 boc U 62000 
24 3275 37500 70 Ce 2/500 
25 Ae 71000 el 6.15 61500 
26 3270 37000 72 2-0 27000 
27 7.05 70500 73 6.10 61000 
26 So 36500 74 2b 26500 
29 7.00 70000 75 6.05 60500 
30 ore) 36000 76 20 26000 
3] 7.00 70000 i 6.00 60000 
32 3.55 35500 78 2.60 26000 
a 6.95 69500 79 6.010 60000 
34 32 50 35000 80 Za 25500 
SD 6.90 69000 8 | 5.95 595010 
36 345 34500 82 2.45 24500 
37 6.85 68500 83 5.90 59000 
38 3.40 34000 84 2.45 24500 
39 6.80 68000 85 5.85 58500 
40 3200 365900 86 2.40 24000 
4] On 67500 87 Sou 58000 
42 3eo0 33000 88 Ceo 23500 
43 6.70 67000 89 5.80 58000 
44 3.30 33000 90 2.30 23000 
45 Grain 66500 9] rae o7 oO 
46 Saas Bie oo. iz Zo coud 
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Load SC ress Cycle Load Stress 


Volts Ibf/in2 Volts Ibf/in2 
5.70 57000 117 5.30 53000 
2.25 22500 118 1.85 18500 
5.70 57000 119 5.25 52500 
2.25 22500 120 1.80 18000 
5.65 56500 12] 5.20 52000 
2p 22000 2 1.80 18000 
5.60 56000 23 5.20 52000 
2.20 22000 124 i975 17500 
5.60 56000 125 5.20 52000 
2.15 21500 126 1.75 17500 
5.60 56000 oy 5.15 51500 
2.10 21000 128 1.70 17000 
5.50 55000 129 5.10 51000 
2.05 20500 130 1.65 16500 
5.50 55000 Le 5.10 51000 
2.00 20000 132 1.65 16500 
5.45 54500 133 5.05 50500 
2.00 20000 134 1.60 16000 
5.40 54000 135 5.05 50500 
2.00 20000 136 1.60 16000 
5.40 54000 lew 5.00 50000 
1.95 19500 138 1.55 15500 
5.35 53500 139 5.90 50000 
1.90 19000 140 1.50 15000 
CALIBRATION 


Dodd: 1.0 Veer= lomeun br 
Stress: 1.0 VDC = 10,000 Ibf/in- 
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TABLE 13 
Data for calculation of average stress concentration 
factors for monotonic local stress vs. nominal strain 


curves at single amplitude cyclic loading test on a plate. 


Strain Gage (1 


SAL Data Mono. Data 

Nominal Nominal Local Local Ky Local Ky 
Stress Strain Strain Stress Stress 
[Beyin’ .anfin .«in/in 1bf/in“ lbf/in4 

444 29 9 0 0 0 0 

926 229 Do2 4000 2.68 4000 ZA65 

247 381 994 9750 303 10000 3.06 

6481 839 1912 19000 Ze56 20500 Varney) 
12936 1296 S136 31000 gL Ne 32750 Zea 
18519 1830 4589 45000 2a] 49000 ZS 
Za) 2 27 aio 56500 2258 60000 270) 
Dapagey 3 2668 7il13 70500 2.60 74000 207 
31481 2973 7649 74750 Ty 76500 Ze 
31481 3202 8337 77500 Zea 78000 254 
Boe OS 3202 8949 79000 2a 78000 2250 
53533 S276 9408 79500 2.62 78000 Zag 
35185 3431 9943 80000 Ze 78000 Zoe 
35185 S4e5i LO326 80000 202 78000 2S 
37037 jaa 10632 80000 259 78000 2555 
S703 / 3565 10938 80000 2eay 78000 2.54 
37037 3583 11091 80000 2.59 78000 255 
37037 3585 11244 80000 23.00 78000 2a 

AVERAGE Ky 2.59 Zao 

Strain Gage (2 

444 29 2 0 0 0 0 

926 229 401 4000 PED 4000 2S 

2778 381 1041 10500 S21 11000 3229 

6481 839 2003 19750 2270 21000 Zo 
12936 1296 SL a 31000 2.40 33000 Zane 
18519 1830 4566 44750 ZEAO 47750 Dee 
Zoe 2. 22 1h. 5848 57750 Deo 61250 Za 
277718 2668 7290 72000 206 75000 28D 
31481 2973 8011 76500 ZO 77000 Zoey. 
31481 3202 8812 79000 . Zoo 78000 22611: 
Ba35335 3202 9373 79500 2204 78000 Zo. 
Boo 5) S276 10014 80000 2a 78000 2 Or 


ue 





Table 13 (Cont'd) 


Strain Gage (2 


Nominal Nominal Local 
Stress Strain Strain 
fein’ «infin _in/in 
B51S5 S450 10495 
35185 3431 10975 
87037 S458 11296 
S707 3353 11616 
37037 3583 ne 6 
By 057 3555 Ene 7 
AVERAGE K;, 


SAL Data 
Local K 
a 

Stress 
lb£/in2 
80000 2.64 
80000 2.70 
80000 2e07 
80000 20> 
80000 2.86 
80000 20S 

OO 


Mono. 


Local 


Stress 
Lbf/in2 


78000 
78000 
78000 
78000 
78000 
78000 


SAL - Single amplitude cyclic loading test data 


Mono. 


Data 


Re 


i a ee 
Ov 
+ 


- Monotonic stress-strain data from cyclic stress- 


strain curve test. 
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TABLE 16 
Data for calculation of average stress concentration factors 
for monotonic local stress vs. nominal strain curves of dual 


amplitude cyclic loading test on a plate. 


Strain Gage (1 


DAL Data Mono. Data 
Nominal Nominal Local Local Local 
Stress Strain Strain Stress Stress 
ieean- inj/in in/am Ibf/in’ K, bf/in* kK, 
0 152 306 3500 0 3250 0 
roe Z so. 841 9000 2225 8750 See 
6481 610 1759 13000 Zo 13500 Zot 
10185 lee Zoe 7. 27500 2.51 23000 Dre 
13889 1449 367 1. 37500 2.62 38500 ZOD 
18519 2059 525 52500 2366 52750 2.69 
29630 3050 8414 75500 ZO. J ii oo 2.69 
32407 3202 9102 77750 2.61 78000 2 B62 
34259 335) 9943 78000 2.60 78000 2.60 
Soll 1 3355 10096 78000 2.55 78000 2S 
36011 335) 10249 78000 2.57 78000 Lae 
36111 335) 10402 78000 2.59 78000 2559 
36111 3503 10708 78000 2.54 78000 2 
36111 5507 10861 78000 2.59 78000 2.59 
So11 3583 10938 78000 2.57 78000 2a 
Soll] 3510 7 10938 78000 2.60 78000 260 
AVERAGE Ky 2.61 Zree 
Strain Gage (2 
0 es 2 319 3500 0 3250 0 
1852 a3 1 878 9250 3.39 9250 3.39 
6481 610 1836 19000 2.97 19250 2.99 
LOVS5 ere 2794 28500 2.61 29000 2.64 
13889 1449 Sy 38500 2.68 39500 208 
18519 2059 5190 52750 2.68 54250 Zo 2 
29630 3050 8543 76000 2.68 78000 Dee 
32407 3202 9262 78000 2.64 78000 2.64 
34259 335) 10220 78000 2.63 78000 268 
36111 3355 10539 78000 2.60 78000 2.60 
Biol 1 335) 10539 78000 2.60 78000 2.60 
soll 1 335 10699 78000 2.62 78000 Zee 
36111 33583 11098 78000 2.59 78000 2.59 
Biol 11 3507 7s 78000 2.62 78000 Zeer 
BoLiL 33593 ioe 78000 2.61 78000 2.61 
Soll] 3507 es 37 78000 2.64 78000 2.64 
AVERAGE K 2.66 2a, 


DAL - Dual amplitude cyclic loading test data 


Mono. 


- Monotonic stress-strain data from cyclic stress-strain 
iis 


curve test. 
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TABLE 20 


Data from alternate calculation of average stress concentration 
factors for unloading portion of initial loading cycle in 
single amplitude cyclic loading test on a plate. 


Nominal Local Local Mono. Data SAL Data 
Stress Strain (1) Stress (2) K,(1) Ro 2) K,(1) K,(2) 
iee/in~ .«in/in Ain/in 


37037 LID 11937 2.84 2.93 2.66 2.75 
37037 11091 11776 2,39) 2.86 2362 2770 
35185 10708 11296 2583 2:09 2565 2-71 
31481 9867 10575 2588 2299 (2570 2280 
27778 8796 9613 2.85 3.02 2.67 2.83 
24074 7649 8332 Deis 2608. (2262 273 
18519 6196 6809 27S ~~ Done 260: — 2a 
12963 4895 5448 2-90 3.03 2.71) 25384 
7407 3595 4.006 3.20 . 3.23 2.99 3203 
3704 7371. 2884 2,86 °3.23 2568 3303 

0 1377 1762 0 0 0 0 
Wes “3.00 DRG9° FER 


Mono. - Monotonic data from cyclid stress-strain curve test 
o, = 78,000 lbf/in2 E= 10.67 x 106 1bf/in? 


SAL - Single amplitude cyclic loading test data 
o-, = 80,000 lbf/in? E= 10.0 x 10° 1bf/in? 


20 





ea 


LEoll 0VCIT GSEE G8ISE GYL GE°Ll OCC BE CG 
L1LOCcL OcEIT GSEE G8LSE OSL O7'L OC 2 B°E CC 
L10cT OCETT GSEE G8ISE OSL OV L OCC B°E I¢ 
LTOCcTL OcCETL GSEE G8LSE OS°L O7'L Oc ¢ B°E Oc 
L1OcT OcETL LOSE LTLIT9t OSL OTe OL °C 6°€ 61 
LTO0cI Oct LOSE ITT9E OS°L O71 Ofc 6°€ 8ST 
LTT OceIlL LOSE G8ISE OSL O7'L Of °C Bee LT 
LIOCcI OcELT LOSE G8BISE OG'°L O7'L O€ °C Bae 9T 
LIOcI OcEeIT LOSE LLCS OSL O7'L OFC 6°€ GT 
L1OcTI OcELT LOSE LTT9E OSL OV'L le 6 6°£ 7T 
L1OCcL Oct LOSE ITT9€ OS‘*L O7'L Of C 6°€ el 
L10cTI OcEeIT LOGE LLTT9€ OS'L O7'L Of? Ge cl 
LTO0cT Oct LOSE [TUWwt OS°L O7'L OG ¢ 6°£ Ll 
L1O0cl OcELT LOSE LTT9€ OSL O7'L Of @ 6°£ OT 
L10cT Oct LOSE ILTT9E OS°L O7'L Of 'C 6°£ 6 
LIOCI Oct LOSE LU OSL 07° L O€ °C 6°£ 8 
LE6tl OcCETT LOSE LU GUL aE. OernC Ome L 
LTO0cI OcCETT LOSE LDR OS°L O7'L Of °C 65 9 
ELOGT OGELT LOGE LEOEL OSL O7'L Oho 0° G 
LTOCI OcCELT LOSE LEOLE OSL O7'L Of? 0°# 7 
eo UCIT O99E LEOLe GV'L GEL 07°C 0° e 
LE6Ll VATCLL O99 LEOLe GUL Geel O7'C O° C 
LEolt VICI O99 LEOLe GViL Cie ae OV 07 i 
uy /ut ut /up~ uy /uT~ zur /Fd1 SIIOA SITOA SIIOA S2TOA aToAQ 
(z)utezag) «(7 )UTezIaS uTeAAS ssaaqg (z)urTetasg) « (T)UurezIS uTeIAS peo, 
[e007] [eo0,T T[eUuULWwON TeUTWON TeI07T] Teoo]T jyTeUuLwoN TeUTWON 


‘aqetd e uo 4saq SuTpeOT oT [OAD apnat{dwe aT3urs worz ejep Aequnu aToAo pue ‘uTearqys *Ssa17¢ 


le dave 





122 


L1T0cT Ocell COCE T8VT€ OS°L OL OT’? 7° € Sv 
LTOcL HYCIL cOCE T8Y7Te OS~*L GE°L OL? °€ LY 
LT0cl HOCTIT cOCE I8vVTe OS°L GE°L OL'¢ ee 917 
LE6TL DUCTIL COCE LT8VT€ GR GEL Ol? 7° € GY 
LE6tl DUCT COCE I8vVLe€ GL GEL OT’? 7°€ 71 
LEotl YUCIT COCE 6SCVE GE°L GEL Ol'¢ 9°€ C17 
LEott DUCT 9cTE LOVCE GUL GEL GO°? G’e Gy, 
Leotl OcETL cOcE 6GSCV7E G71 O° L OT’? 9°€ [7 
LE6tl HYCTL cOCE LOVCE G71 GE°L OT '2 G’E€ Ov 
LE6tT UCIT cCOCE 6GC7E GY'L GE°L Oe ¢ 9°E 6€ 
LE6tl DUCT cCOCE LOVE Gh GE°L OT? G’e€ BE 
LEotl DUCT COCE LOVTCE G7°L GEL O°? G’€ LE 
Leottl HUCIT 9cTE LOVCE G71 GE°L GO°¢ G°e Of 
LE6oltl HUCLI BLCE LOVCE Gh°L GE°L GT’°2 G’e GE 
LE6ltl DYCIT 8LCE 6SCV7E GEL GE°L GT°¢ Oe DE 
LE6ttT HUCIT 8LCE 6GC%7E GO°L GE°L GT°2 9°E Ge 
LE6 tl DUCT BLCE LOVCE GUL GEL cr ¢ Gat ce 
LE6ltt HYCIT 8LCE 6SCVE GUL GE°L GTZ 9°€ ino 
LE6lt DOCLI B8LTE 6SCVE G71 GEL GT’? 9° Of 
LE6tl HDCT BSLCE 6GC7E G71 GE°L GT? 9°E 62 
LE6 tl DYCIT BSLCE 6SCVE S71 GEL GI°2 QOL 8d 
LE6lt DUCT 8LCE 6SCVE G71 GEL GI’°é 9°E iG 
LE6tl HYCIL GGEE 6SCVE GL GEL 02 °2 oF 9¢ 
LE6TlL DUCIT GSEE 6SCVE GY°L GEL OC °C Ee GC 
LE6LlT DUCTT GGEE G8BISE G71 GEL OC 2 cae 7¢ 
uty /upy” uy /up~ UT /UT~ zUF/F41 SITOA SITOA SITOA SITOA 9T9AD 
(z)utezag) «(7 )UTeAIS uTeIIS sseiqag (z)urezqasg 93 (7)UureazaS UuTeAIAS peoy 
[eov0T] TeoOT j[eUuUTWON T[eUTUWON [eo0T Teooy,T T[eUuULWON  TeRUTUWON 


(p,2u0D) TZ FTGPL 





25 


L60cl OcELT OSOE 9SSOE GG°L On°L 00°2 C€ EL 
L602T OcELT OSOE 9GGOL GS°L O7°L 00°¢ Ce CL 
L60cT OcETL OSOE 9GSOE GG°L O7°L 00°2 te pe 
LTOCTI OcELT OSOE 9SGSOE OS‘°L O7°L 00°2 C°€ OL 
LTOCL OcELl OSOL O£96C OS°L On°L 00°C Got 69 
LTO0cI OcETL OSOE 9GGSOEL OS°L OL 00°72 tC £ 89 
L1LOcI Octet OSOE 9GSOE OS°L O7°L 00°2 Ce L9 
LTZOl OctLl OSOL 9SSOE OS’°L 07° L 00°C Cau 99 
LTO0cT OSE LI OSOEL LOVEE OSL O7°L 00°¢ GE G9 
LtOcT OcelL OSOE LOVCE OS°L O7°L 00°C G°E 79 
LTOcT Ocelt OSOE T8V7 TE OSTL On°L 00°2 UPS £9 
LEOCL OcELT OSOE LOVTE OS°L O7°L 00°Z Ge 9 
LTO0cT Oct OSOEL T8VTf& OS°L O7'°L 00°¢ °€ L9 
LTOCL JZELTL OSOEL T8712 OS °L On L 00°2 °€e 09 
LTOZT OcellL OSOE LOVEE OSL O7°L 00°¢ Ge 6S 
LTtO0cT Oct OSOEL LOVE OS*L On°L 00°¢ GL 8S 
LT0CT Oct OSOL LOVTE OSL 07° L 00°C G’et LG 
LTO0ctT OcELT OSOL LOVZE OS°L Our L 00°2 Ge 9G 
LTOcT OcLIL OSOEL T8V7L€ OS°L On L 00°C WE GS 
LTOcT OcELL OSOE T87TE OS°L On°L 00°C 7° €e 9G 
LTOcl OcLIT cOCE T8VLt OS*L On°L On: Cc WE €S 
LTOCTI Octet COCE T87T& OS°L 07° L Om Cc Oe. cS 
LEOZ TI OctlT COCE T87T& OSL 07° L OT’? OE TS 
LTO0ct OcELT cOCE T8YTE OS‘°L O7°L OIE. ¢ Wee OS 
LTOcTI Ocell cOCE T8VTE OSL Or OL’? 2G 64 
uy /up” uy /upr” Uy /UT” ZUF/FAT SITOA SITOA SAITOA SI TOA atop 
(z)utezqSg) «(T )ufeazasS uTe1IAS sseiqg (z)utezaS)§ (7T)UTezIS uTeIAS peoyT 
[e007] [eo0]T TeuTWwOoN [eRUTWON [e007] Te.o0]T j[euy~WwoN T[eUuTWON 


(p,2U09) IZ FTIPL 





124 


zUE/FI1 92°6SS6 =OdA O°T :sser95 
UT/UP“ €8°HZST =OGA O°T 2389 UTeIIS TeUTUON 
uT/UT-’ €Z°ZO9T =0GA O°T (Z) 2885 uTeI3sS 
UT /UT*’ 9/°6ZST =O0A O°T (1) 2385 uUTetag «:UuTeAzqS 
FGI OOOSOT =90A O°L :peot 
NOLLVYALTVO 

LS8II OZETT L682 0£962 O7°L O7'L 06°T CG 06 

LE6LT OZELT E162 9SGOE Gye. OF G6°T Gant 68 

L10ZI OZETT L682 0£96Z2 OS Ov'L 06°T Ga 8g 

L10ZI Onell €L62 0£96Z OG Ov7°L C6°T Z°E L8 

L10ZI OZEIT €L6Z 0£96Z OS‘°L Oined G6°T CS 98 

LT0ZI OZETT L682 0£96Z OSe7 Otaee 06°T CE G8 

L10ZT OZELT €L62 0£96Z2 OG / Ov7°L G6°T Gas 78 

LTO0ZI OZETT €162 9GSOE OG" Z Ov°L G6°T E°€ €g 

LT0ZI OZETT €L6Z 9GSOE OSes O7 G6°T ous 78 

L10Z1 OZETT €/62 0£96Z V6 O7'L G6°T aoe 18 

L10zT OZETT €162 0£962 Oc‘ L Ov'L G6°T Cae 08 

LT0ZT OZELT L682 0£962 OS‘°L 07° L 06'°T Ga 6L 

LIOZI OGerLL E162 9GSOE OG O7'L G6°T C6 gl 

LT0ZT OZEIT L682 0£96Z OS‘’Z O7'L 06°T cat Le 

L10ZI OZETT E162 9GSOE Gay On'L G6°T Cue QL 

LIOZI OZETT €162 9GSOE OSL On'L C6°T Cae Gi. 

LT0z1 OZELT OSOE 9GSOE OS °Z O° L 00°Z ac oL 
uy /up” up/up’ ut /up” zur /34T SITOA SIIOA SI TOA SITOA aT2h9 

(z)uterz4s (T )uteizas uTeIAS Ssazqag) (z)urezas (T uTerqS UuTBIAS peoy 
[evo], [Teo0yJ TeuTwoy T[ eurTwon Leo0T [Lev0TJ TeuTwoN Teurwoy 


(P,3U09) TZ FTIFL 





TABLE 22 


Data for calculation of local stress for stress relaxation 
behavior of single amplitude cyclic loading test on a plate. 


_ Mono. Data SAL Data 
Nominal Local Local Local OG au: 
Stress ee Stress(2) Stress(l) Stress(2) 
Cycle lbf/in2 1bf/in Lbf£/in2 Lbf/in2 Lbf/in2 
ii 37037 80000 80000 80000 80000 
5 37037 80000 80000 80000 80000 
10 36111 77361 77268 TIS 39 77444 
15 36111 77361 7/268 Vigor 77444 
20 35185 Ta722 7453/ 75074 74888 
Z 34259 72083 71805 7Zo0LL 72553 
30 34259 72083 7 VS05 7 Zone 72333 
35 32407 66805 66342 67684 67271 
40 32407 66805 66342 67684 67221 
45 31481 64165 63610 65221 64665 
50 31481 64165 63610 6522 64665 
55 31481 64165 63610 Ooi 64665 
60 31481 64165 63610 65221 64665 
65 32407 66805 66342 67684 67221 
70 30556 61529 60881 62761 622 
75 30556 61529 60881 6276 1. G20eZ 
80 29630 58890 58149 60297 57D o 7 
85 29630 58890 58149 60297 DoD 7 
90 29630 58890 58149 60297 DIa5 7 
Sm = 37037 1lb£/in? 
Om = 80,000 lbf/in2 


Mono.-Monotonic data from cyclic stress-strain curve test 
E = 10.67 x 10® 1bf/in? 

SAL - Single amplitude cyclic loading test data 
E = 10.0 x 106 1lbf/in2 
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TABLE 23 


Stress and strain data from unloading portion of initial 
loading cycle from dual amplitude cyclic loading test on 
a plate. 


Nominal Local Local Nominal Local 
Load Strain(1) Strain(2) Stress Strain tl) Strain 2) 
Volts Volts Volts lbf/in2 »in/in Ain/in 
B08 780 Tae Sa nSD 10861 11337 
3.4 6.30 6.30 31481 9637 10060 
a3 4.50 4.50 ZEZIO 6884 7186 
ee 230) 2250 10185 3518 S9g2 
ORO 1.00 IE JU, 926 1530 Dy 
0.0 0.90 GEo> 0 1377 1517 
= 00 0.0 0.20 = 950 0 319 
CALIBRATION 


Load: 1.0 VDC= 10,000 1bf 
Sitain: 1.0 VD@= 1523.23 2in/in 
Stress: 1.0 VDC= 9259.26 lbf/in2 
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TABLE 25 


Data from alternate calculation of average stress concentration 
factors for unloading portion of initial loading cycle in 

dual amplitude cyclic loading test on a plate. 
Mono. Data DAL Data 


Nominal Local Local 


Stress Strate!) Strain (2) KeG)) FKe@) K,(1) K,(2) 
lbf/in® »in/in yin/in 
55185 10861 PEooy Deo 2.0Ge Cayo 2eo4 
31481 9637 10060 ZO Zoe Zon Deed 
21296 6884 7186 Deo 257 eecmoe ee 2a. 
10185 3518 Boge 7p, FAECES Dh WE DE 
926 1530 lio a6 2.64 1.68 2.64 
0 1377 JLab) 0 0 0 0 
-5556 0 319 Zeea, (2220 2558, 220 
Za ZO 2.40 ZO 


Mono.-Monotonic data from cyclic stress-strain curve test. 
Om = 78,000 lbf/in2 E = 10.67 x 10° 1lb£/in? 


DAL - Dual Amplitude cyclic loading test data. 
Om = 78,000 lbf/in? E = 10.19 x 106 1bf/in? 
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TABLE 27 


Data for calculation of local stress for stress relaxation 
behavior of dual amplitude cyclic loading test on a plate 
on high stress cycles. 


Mono. Data DAL Data 

Nominal Local bocal Local Local 

Stress Stress(1) mess) as oat aa) 
Cycle lbf/in2 lbf/in I bey in ibe on lbf/in 
il 36 1 78000 78000 78000 78000 
5 36111 78000 78000 78000 78000 
9 SoieeL 78000 78000 78000 78000 
13 Gye) Ne 78000 78000 78000 78000 
107 S601 78000 78000 78000 78000 
Zall 34259 Toe 7229 72537 72388 
25 33535 69416 69194 69805 69853 
29 33556 69416 69194 69805 69853 
33 33868 69416 69194 69805 69853 
37 33285 69416 69194 69805 69853 
41 33656 69416 69194 69805 69853 
45 33333 69416 69194 69805 69853 
49 34259 Teed 7 72129 J203 7 72388 
58 32407 56a95 66258 67073 66777 
57 32407 6555 66258 67073 66777 
61 32407 56555 66258 67073 66777 
65 32407 56mpo5 66258 67073 66777 
69 32407 56555 66258 67073 66777 
7D 32407 56555 66258 67073 66777 
Ta. 32407 56505 66258 67073 66777 
81 32407 56555 66258 67073 66777 
85 30556 60835 60391 61613 61168 
89 30556 60835 60391 61613 61168 
93 30556 60835 60391 Glos 61168 
97 29630 57974 57455 58881 58363 
101 29630 57974 57> 58881 58363 
105 30556 60835 60391 61613 61168 
109 30556 60835 60391 61613 61168 
113 29630 57974 57455 58881 58363 
Sm = 36111 1bf/in2 
Sm = 78,000 1lbf£/in2 


Mono. - Monotonic data from ae stress-strain curve test. 
E = 10.67 x 10© 1b£/in 
DAL - Dual amplitude cyclic loading test data. 
E = 10.19 x 10© 1bf/in? 
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TABLE 28 


Data for calculation of local stress for stress relaxation 
behavior of dual amplitude cyclic loading test on a plate 
on low stress cycles. 


Mono. Data DAL Data 

Nominal Local Local Local 

Stress Stress Stress(2) Stress(1) 
Cycle l1bf/in*? 1bf/in Ibf/in2  1bf/in2 
Z 23148 37944 36907 SS, 
6 23148 37944 36907 Sao 
10 23148 37944 36907 BES, 
14 23148 37944 36907 39759 
18 23148 37944 soe 7 39759 
22, 21296 32222 5H) 36 34296 
26 21296 52a 31306 34296 
30 21296 Bae 31036 34296 
34 21296 32222 31036 34296 
38 21296 S227 2 31036 34296 
42 21296 32222 Sd s6 34296 
46 ZZ SA a2 S026 34296 
50 19444 26499 25166 283832 
54 E35uk 23641 Zee 26104 
58 19444 26499 25166 2aee2 
62 18519 23641 2 BESS 26104 
66 18519 23641 22233 26104 
70 18519 23641 22233 26104 
74 18519 23641 P2253 26104 
78 Le5i9 23641 E2733 26104 
82 18519 23641 22233 26104 
86 Fook 23641 ZZL33 25104 
90 7593 20779 192983 Laz 
94 Pos 20779 19298 eS] 2 
98 17593 20779 19298 2a 72 
D2 LyooS AOS, 19298 2337 2 
106 17595 20779 19298 23372 
PLO P7505 20779 19298 2) 2 
114 172935 20779 19298 L537 2 
Sm = 78,000 1bf/in 
om = 36111 1lbf/in2 
Mono. - Monotonic data from cyclic stress-strain 


_E = 10.67 x 10© 1bf/in2 
DAL - Dual amplitude cyclic loading test data. 
E = 10.19 x 10° 1bf/in2 
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Local 


Stress(2) 
Lbf/in2 


S72 2 
SOY 22 
387 7 2 
38772 
36:57 72 
38111 
5), Ma 
So 
Sot i. 
33a 
Sr 
Baie). 
2799 
24696 
27499 
24696 
24696 
24696 
24696 
24696 
24696 
24696 
21890 
21890 
21890 
21890 
21890 
21890 
21890 


curve 


test. 





TABLE 29 


Initial stress and stress relaxation rate parameter data 
from uniaxial and plate cyclic loading tests. 


Initial 
Stress 
lb£/in 


79220 
79470 
78080 
78100 
39030 
e720 


79470 
79470 


78060 
78070 
70650 
S27 20 


73160 
76930 
45600 


Relaxation 


Rate 


Parameter 


OV U1 PO ho 


“NI Go OO 


WAM WNW W WH 


~324 
470 


2457 
934 
994 
OnE 


er 
. 168 
27 2 


Type of Test 


Plate 
Data from uniaxiam specimen cyclic 
stress-strain curve test 


SAL test K,=2.85 Strain Gage (1) 
K+=2.95 Strain Gage (2) 

DAL test K;=3.09 Strain Gage (1) 
(high) K.=3.17 Strain Gage (2) 
DAL test Gh. =3700 SacrainsGaee i) 
(low) K+=3.17 Strain Gage (2) 


Data from uniaxiam specimen 
single amplitude test 


K,=2.66 Strain Gage (1) 
Kees, 0 poerain Gage 


Data from uniaxial specimen 
dual amplitude tests 


(High) K,-=2.95 Strain Gage (1) 
(High) K,=3.03 Strain Gage (2) 
(Low) K,=2.95 Strain Gage (1) 
(Low) K,=3.03 Strain Gage (2) 


Uniaxial Specimen 
SAL 


DAL (High) 
DAL (Low) 
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